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Abstract: Real (electro-)catalysts are often heterogeneous, and their 

activity and selectivity depend on the properties of specific active 

sites. Therefore, unveiling the so-called structure-activity relationship 

is essential for a rational search for better materials and, 

consequently, for the development of the field of (electro-)catalysts. 

Thus, spatially resolved techniques are powerful tools as they allow 

us to characterize and/or measure the activity and selectivity of 

different regions of heterogeneous catalysts. To take full advantage 

of that, we have developed spectroelectrochemical cells (SEC) to 

perform spatially resolved analysis using X-ray nanoprobe 

synchrotron beamlines, and conventional pieces of equipment. Here, 

we describe the techniques available at the Carnaúba beamline at 

Sirius-LNLS storage ring, then we show how our SECs enable 

obtaining X-ray (XRF, XRD, XAS, etc.) and vibrational spectroscopy 

(FTIR and Raman) contrast images. Through some proof-of-concept 

experiments, we demonstrate how using a multi-technique approach 

could render a complete and detailed analysis of an (electro-)catalyst 

overall performance. 

Introduction 

Electrochemistry is considered as one of the most important 

subjects in the field of new energies,[1] contributing to the 

development of fuel cells for energy conversion,[2,3] and 

electrolyzers for hydrogen production,[4,5] among several other 

applications. Many of these (electro-)catalytic devices use 

heterogeneous structures, for instance, the catalysts, which span 

from the micro to the nanoscale. Thus, one of the most active 

research areas is related to the development (or improvement) of 

more efficient and durable catalysts.[6–9] To succeed in this task, it 

is mandatory a deep understanding of the relation between the 

catalyst composition and structure with its performance (activity, 

selectivity and durability), i.e., the so-called structure-activity 

relationship. Unfortunately, except for some model systems,[10–13] 

it is tricky to succeed in this task due to the multiple factors playing 

a relevant and simultaneous role in (electro-)catalytic 

processes.[14] 

It is worth pointing out that there is an intrinsic complexity 

introduced by the word “structure” in this field: depending on the 

system/material of interest, it can refer to the shape, and/or size, 

and/or facet crystallographic orientation, and/or crystallographic 

structure, etc. For instance, in electrochemistry, many of these 

structural properties can play an important role on the material 

activity. Shape control in nanoparticulated catalysts is a deciding 

factor for its activity, and it is a common strategy to synthesize 

shape-controlled crystals to control particle facet distribution and 

size to improve the catalytic activity[15–18] or to drive the selectivity 

of the reaction to the desired product.[17,19] The exposed 

crystalline facets orientation also immensely affects the material 

activity/selectivity since different facets have different surface 

energy and, consequently, different adsorption energies.[20–22] In 

addition, size by itself is a deciding factor for several 

nanostructures since it defines nanoparticle (NP) activity.[12,13,23–

26] These examples above summarize how the structure plays a 

major role in determining the activity, selectivity and stability of 

(electro-)catalytic materials. 

The catalysts employed in (electro-)catalytic systems can be very 

diverse in terms of particle/grain sizes, ranging from the micro 

down to the nanoscale. Microstructures resemble bulk materials, 

being easier to analyze using model systems, such as single 

crystals.[27,28] However, the heterogeneity in these materials play 

a major role in their reactivity/activity since grains with different 

crystallographic orientation and grain boundaries can behave 

considerably differently.[29,30] Nanomaterials, on the other hand, 

permit maximizing the surface/area ratio, making them a usual 

choice for electrode materials employed in electrocatalytic 

systems[31,32] or in the field of heterogeneous catalysis.[33,34] 

Despite these advantages, correlating morphology and activity at 

the nanoscale is much more challenging, but still a very relevant 

topic.[10,35]  

Not only the structure of the catalyst defines the (electro-)catalyst 

performance, but also the interactions between their components. 

The interactions between particles in a nanoparticulated 

catalyst,[36] and also the interactions with the substrate[23] 

(materials in real applications are even much more complex), 



affect the (electro-)catalytic performance of the electrode. 

Moreover, the distribution of the active material on the support, 

i.e., the degree of agglomeration (which also impacts the behavior 

of the material[37,38]), depends on the interactions between the 

materials composing the electrode and/or on the preparation 

method. For example, the products generated in a region with 

many agglomerated NPs (which may or may not be in contact, but 

are close enough to perceive the existence of the other NPs) have 

a bigger chance of finding another NP and eventually reacting 

further, forming new products which are not detectable if the same 

reaction occurs on isolated NPs.[39] Besides, the isolated NP will 

interact with the reactants/intermediates/products and the 

support, while the agglomerated will interact with all of the above 

and also other NPs, which can induce different intrinsic activity. 

Therefore, analyzing the structure-activity relation with the spatial 

resolution is essential to try to isolate some of these effects. 

Linking activity/selectivity to the heterogeneous 

structure/composition of (electro-)catalysts would be 

straightforward if we had a technique with the capability to fully 

characterize a region of a catalyst (could be also an isolated NP) 

and measure at the same time the activity of the same region (or 

of the same NP). However, despite the current arsenal of 

available characterization techniques in the field of 

(electro-)catalysts,[40–46] each of them with their strengths and 

weaknesses, there is not a technique able to generate this kind of 

data, especially with a spatially resolved methodology. Therefore, 

this problem must be tackled by using a multi-technique 

approach. 

In this context, the development of fourth-generation synchrotrons 

and nanoprobe beamlines provide unique opportunities for the 

progress of several areas of science and technology, including 

(electro-)catalysis and electrochemistry in general, which are the 

main fields of interest here. These new facilities offer techniques 

with improved spatial resolution which can be promptly coupled 

together, or with other techniques employing conventional pieces 

of equipment.  

Herein, we will focus on the possibilities offered by the recently 

launched CARNAÚBA (Coherent X-ray Nanoprobe Beamline) at 

Sirius Brazilian synchrotron facility.[47] We will briefly describe the 

techniques available at the beamline and how we envision each 

of them could be used in the field of (electro-)catalysis. Then, we 

will present the instrumentation (electrochemical cells) that we 

have designed to be used in this facility and some results obtained 

at the beamline with the aim of more clearly illustrating the 

capabilities of the setup. Lastly, we will show a versatile device 

that permits to correlate the information obtained using X-ray-

based techniques performed at the beamline with vibrational 

spectroscopic analysis. We hope our developments will contribute 

to the challenging task of correlating activity with structure in 

(electro-)catalysis, impacting the progress of new materials in 

several fields. 

Results and Discussion 

CHARACTERIZATION TECHNIQUES AVAILABLE AT THE 

CARNAÚBA BEAMLINE. 

Carnaúba is an X-ray nanoprobe beamline dedicated to multi-

analytical analysis and imaging, working in an energy range from 

2.05 to 15 keV.[48] Several X-ray nanoprobes have been 

developed during the past decade, covering from soft to hard X-

ray energies.[49] In this beamline, the sample is raster-scanned, 

providing access to bidimensional maps or tomographic analysis. 

At Carnaúba, the available techniques are X-ray Absorption 

Spectroscopy (XAS), X-ray Fluorescence (XRF), X-ray Excited 

Optical Luminescence (XEOL), X-ray Diffraction (XRD), 

Ptychography and Bragg Coherent Diffraction Imaging (BCDI)[50] 

with nanometric spatial resolution. We guide the reader to more 

specific literature for more in-depth technical information about 

the beamline.[47] 

The beamline was designed with two end-stations for different 

purposes:[47] Sapoti, which will work in a complete vacuum with a  

cryogenic support, and Tarumã, which works in-air with more 

space for diverse and flexible experimental setups and coupling 

of ancillary instruments and detectors (figure 1). Due to Tarumã’s 

versatility, a wide variety of in situ or operando studies can be 

performed, involving (photo)(electro-)catalysis, batteries, 

photovoltaic materials, etc. A multi-technique approach is 

possible at Tarumã by combining the available 

techniques/detectors around the sample. Collecting 

simultaneously structural, electronic, and morphological pieces of 

information using these techniques (e.g. XAS, XRD, XRF) can 

pave the way for future contributions to electro-catalysis 

development. 

 

Figure 1. Engineering drawing (a) and picture (b) of the Tarumã experimental 

workstation, highlighting: the sample holder (1); the interface plate (2); the 

fluorescence detectors (3); the propagation cones for the PiMEGA (4) and 

MobiPix (5) X-rays area detectors; the optical microscopes (6); XEOL 

spectrometer (7); and the KB vacuum vessel (8). Adapted from the literature.[47] 

 

XRF.  

X-ray fluorescence is a non-destructive technique generally 

employed to determine the chemical composition of a sample. In 

XRF, the sample is illuminated by an X-ray source, causing them 



to emit characteristic secondary X-rays.[51] Widely applied in 

synchrotron beamlines due to the tunability of the source and 

easy elemental distribution characterization, 2D maps (with 

nanometric resolution limited by the beam size) can be obtained 

by scanning the sample.[52] Besides the composition, the maps 

can be used for guiding the users, serving as a way to find a 

region of interest to be analyzed by other types of mapping 

analysis (like in XAS mapping, to get oxidation state maps as we 

will see in the following sections). 

 

XAS and STXM. 

X-ray Absorption Spectroscopy has been widely used for decades 

in the field of electrocatalysis.[53,54] XAS refers to the 

measurement of the absorption coefficient, which is directly 

related to the density and elemental composition of the sample. 

Therefore, it is an effective tool for identifying the sample’s 

elements. As a spectroscopic tool, the fine control of the incident 

beam energy makes it possible to study the fine structure of the 

absorption coefficient as a function of the energy, which in turn 

makes it possible to identify selectively the element’s chemical 

speciation[55,56] and the local structure composed by the nearest 

neighbors.[57,58] For the case of a focused beam, the spatial 

resolution can be exploited for mapping the transmitted beam, in 

what is known as Scanning Transmission X-ray Microscopy 

(STXM).[59–61] This image is a projection and therefore can be 

used to compose a tomographic acquisition allowing a three-

dimensional mapping of the absorption spectrum. 

 

PTYCHOGRAPHY and BCDI  

Coherent diffraction imaging refers to a set of X-ray microscopy 

techniques that do not use lenses, but rather analyze the light 

coherently scattered by the sample to an area detector and use 

reconstruction algorithms to retrieve the phase of the scattered 

waves.[62] These techniques rely heavily on a coherent photon 

flux. The Carnaúba beam can approach a ratio of 100% coherent 

photons. 

Ptychography is one of the most advanced X-ray microscopy 

techniques for high-resolution imaging, because it uses a focused 

beam in conjunction with its scanning over the sample making it 

suitable for large samples (with sizes ranging from some 

micrometers to millimeters) and it is compatible with other 

scanning microscopy and electrochemical systems.[63–65] This 

technique stands out not only for achieving a spatial resolution 

beyond the size of the focused beam. 

Like ptychography, BCDI is an advanced imaging technique that 

can achieve a spatial resolution higher than the size of the 

focused beam. It analyzes the intensity modulation around a given 

Bragg peak making it suitable for (nano)crystalline samples, 

including (electro-)catalytic materials.[66] For BCDI, the sample 

must be smaller than the beam. The amplitude component refers 

to the electronic density projected in the direction of the Bragg 

peak and the phase to the stress field in the crystal lattice.[62] 

 

(PHOTO)SPECTROELECTROCHEMICAL CELLS TO BE USED 

AT THE CARNAUBA BEAMLINE. 

Coupling multiple techniques into electrochemical systems 

requires a cell that enables performing all available methods at 

the beamline and the electrochemical experiment. We have 

designed three different (photo)spectroelectrochemical cells for 

that purpose. We have included the term "photo" because most 

of the photoelectrochemical experiments are like the 

electrochemical ones, with the difference that a light source (solar 

simulators, LEDs, etc.) is placed in front of the working electrode 

while the electrochemical experiment is running. Hereafter, we 

shall refer to these cells as spectroelectrochemical cells (SECs) 

for brevity, although they can be utilized in photoelectrochemistry 

too. The purpose-built cells designed especially for the nanoprobe 

beamline were based on previous models (one used for several 

in situ techniques in our group,[67] and a microfluidic model 

designed for the Carnaúba beamline[68] after some 

improvements).  

Apart from the electrochemical requirements of the cell (electrical 

contact, presence of an adequate electrolyte, etc.), it is worth 

noting that to take full advantage of the nanofocus, the beamline 

requires cells that meet its strict and challenging stability 

requirements associated with the focusing process. 

 

X-RAY CELL 

The cell in figure 2 works just like a typical electrochemical cell, 

but in a miniaturized form to fit the experimental hutch sample 

holder at the Carnaúba beamline. The cell is around 2 cm in size 

and weighs 50 g. It operates in reflection mode mounted on 

piezoelectric stages. Its cable routing was carefully planned not to 

disturb the experiment’s mechanical stability. Despite the 

restrictions imposed by the stability requirements of the beamline, 

the cell design is still highly versatile. The working electrode (WE) 

consists of a rod of any solid (e.g., Pt, Au, C) embedded in a 

polyether ether ketone (PEEK) such that only its tip comes into 

contact with the solution.[67] The counter electrode (CE) is a disk, 

which can also be made of any desired solid material and is easily 

removed from the cell body for cleaning. The reference electrode 

(RE) can also be made of various materials, as long as it fits the 

cell size requirements. In this case, we used a custom-made 

Ag/AgCl leak-free electrode with 1 mm diameter. 

 

Figure 2. X-ray cell. It is designed to fit the beamline size and stability 

requirements. The body and connectors of the cell are made of PEEK. The 

electrolyte chamber is sealed by a thin mylar film held by an O-ring. The contact 

cables are carefully anchored to minimize vibrations. The figure also shows an 

enlarged image of the electrolyte compartment. The image permits observing 

the Pt WE and the RE tips and the Pt CE disk in more detail. 

 

For in situ experiments, it is imperative to guarantee proper 

electrochemical behavior of the cell. Thus, our device was tested 

by using cyclic voltammetry (CV). We also performed the same 

experiment using the SEC WE in a conventional glass three-

electrode electrochemical cell for comparison. We chose Pt as the 

electrode material for the characterization process because its 

electrochemical response is well-known, and it is the most used 

chemical element in (electro-)catalysis. We obtained the 



electrode voltammetric profile in an H2SO4 solution (figure S1.A) 

and also performed some classical characterization experiments 

such as Cu underpotential deposition[69] (figure S1.B). The profiles 

not only show that the SEC response closely reproduces that of 

the glass cell, which is the goal of the SECs, but they are also in 

agreement with results from the literature.[70,71] This ensures the 

electrode’s proper functioning and cleaning, since the 

voltammetric profile serves as a fingerprint of the electrochemical 

system. At this point, it is important to emphasize that we chose 

these reactions, instead of other more popular reactions like the 

ferricyanide-ferrocyanide couple, as these are much more 

sensitive to the cleaning quality of the system because the 

interaction between the reactant/products and the surface is 

much stronger in our choice.[72] 

It is worth noting that for x-ray measurements we usually need to 

operate in thin layer mode, where the electrode is pressed against 

an X-ray transparent film to reduce the electrolyte layer thickness 

between the electrode and the polymer, minimizing the absorption 

of radiation by the electrolyte and thus decreasing the attenuation 

of the overall signal. However, this configuration likely increases 

the resistance of the electrolyte solution considerably (due to 

diffusion/migration restrictions), distorting the voltammetry profile 

(figure 3.A), as we thoroughly discussed elsewhere.[67] 

Fortunately, most modern potentiostats/galvanostats permit us to 

easily measure the uncompensated resistance (iR) and correct 

the potential applied online or after performing the experiment. 

Figure 3.B shows the impact of the iR correction in the CV 

response of the Pt electrode in a thin layer configuration. After 

correcting the applied potential, the results obtained with and 

without diffusion restrictions look much more similar. Overall, 

these measurements show that experiments performed in the 

conventional SEC are equivalent to those performed in a 

conventional three-electrode cell, making the comparison 

between experiments obtained in the laboratory and in the 

beamline reliable. Besides, we showed that, depending on the 

experiment, iR correction of the applied (or measured) 

electrochemical potential might be necessary. 

 

Figure 3. Electrochemical characterization experiments using the conventional 

SEC. All the experiments were performed using a Pt disk embedded in PEEK 

as WE, and in H2SO4 0.5 mol/L with a scan rate of 50 mV/s. (A) Blank profile 

obtained in thin layer mode both, before (black) and after (red) iR correction. It 

is clear that the profile gets significantly tilted if not corrected due to the high 

solution resistance caused by the thin layer of electrolyte. (B) Blank profile both 

in bulk (black) and in thin layer mode after iR correction (red). After iR correction, 

the profile is not distorted anymore, and the bulk profile is accurately recovered. 

The arrows indicate the sweep direction. 

 

VIBRATIONAL SPECTROSCOPY CELL 

To analyze the same electrode/material of interest using 

techniques other than X-rays, we developed a 

spectroelectrochemical cell for vibrational spectroscopy (figure 

4.A) inspired by a previous development for in situ Fourier 

Transform Infrared (FTIR) spectroscopy, Raman, XAS, etc.[67] 

Even though we proved that our previous cell works well for 

several techniques, it was not able to fit exactly the same 

electrode used in the Carnaúba beamline, which is critical if the 

researchers aim for a direct comparison and/or spatial correlation 

between the results obtained with different techniques. Figure 4 

shows two of the SECs we developed and highlights the working 

electrode that can be used on both of them. The vibrational 

spectroscopy cell is also made of PEEK, has a diameter of 4 cm, 

is 2.5 cm high, and also presents a three-electrode configuration. 

As we showed for the X-ray cell, this one uses the same working 

electrode, thus it also presents an electrochemical behavior 

similar to that of a glass electrochemical cell shown in Figure S1. 

Depending on the technique (Raman/FTIR), a quartz or CaF2 

window can be used to seal it. 



 

Figure 4. SECs developed for a multi-technique analysis of electrochemical 

systems. (A) Vibrational spectroscopy cell. (B) X-ray cell. (C) Working electrode 

used for both cells. 

 

MICROFLUIDIC CELL 

Having versatile devices which enable performing experiments in 

as many as possible sub-fields of electrochemistry is of 

paramount importance, as it expands the number of possible 

experiments which can exploit the nanoprobe beamline. 

Microfluidic cells have attracted the interest of the synchrotron 

community due to their reduced size, weight, high throughput, and 

compatibility with both in situ and in vivo experiments.[73–76] For 

this reason, we also developed a microfluidic SEC for X-ray 

analysis at SIRIUS, whose fabrication procedure was described 

in detail elsewhere.[68] 

Briefly, the device consists of microchannels, and electrodes 

patterned by photolithography, sealed with a 12 μm thick layer of 

polyester film, which is highly transparent to X-rays above 7 keV 

(figure 5.A). This remarkably simple setup allows experiments 

using in situ X-ray diffraction (reflection mode) and absorption 

experiments, exploiting the fluorescence contrast.[77] The initial 

version consisted of three gold electrodes, which introduced 

some limitations, namely: i) the cell lacked a reliable reference 

electrode, which is mandatory for electrochemistry research[72] 

and ii) the similar size of the WE and CE could directly influence 

the current-potential response of the WE due to current limitations 

on the CE, which is a severe problem since most of the times the 

focus is on the WE, while the CE must simply act as an infinite 

source or sink of electrons.[78] To solve these issues, in this work 

we present a new model where we changed the electrode design 

and swapped one of the gold electrodes with a silver one. The 

new design (figure 5.B) solves the proportionality problem by 

using a CE bigger than the WE and provides a better electric field 

distribution around it by using a semicircle shape. Other 

modifications included changing the thickness of the electrodes 

(from 100 nm to around 1 μm) and the supporting material used 

to improve the adherence of the gold on the glass from Cr to Ti. 

We made these changes because it was observed that due to the 

presence of micrometric holes in the gold electrodes, formed 

during the lithography process and/or the potential cycling during 

the cleaning process, the electrolyte enters in contact with the Cr, 

dissolving it and causing the loss of electrical contact with the Au. 

In addition, one of the gold electrodes was made of silver to easily 

convert it into a pseudo-Ag/AgCl RE by chemically depositing an 

AgCl thin layer by immersing the electrode on a bleach solution, 

as described in the literature.[79] Only with a proper RE, the system 

is stable enough to get a voltammetric profile similar to that 

obtained in a regular glass cell.[80] 

 

 

Figure 5. Microfluidic spectroelectrochemical cell. (A) 3D model showing the 

microfluidic cell components. (B) Photograph using a commercial bench 

microscope showing the zoomed-in microfluidic channel. Here, each electrode 

can be better visualized, and the channel borders are outlined for clarity. The 

WE/CE are gold electrodes, and the RE is a silver electrode where we deposit 

an Ag/AgCl layer. (C) Blank voltammogram of Au WE in HClO4 0.5 mol/L. 

 

Cleaning the cell is necessary to remove the leftover 

contaminating species from the lithography fabrication process. In 

fundamental electrochemical studies using noble metal 

electrodes, the cleaning is straightforwardly performed by the 

traditional flame annealing process.[81] However, due to the 

sealing, this is not possible in this case, as a flame would destroy 

the polymers that make the device. Thus, the process was done 

by applying an extensive flow of ultrapure water followed by 

electrochemical cleaning of the electrode. The electrochemical 

cleaning consisted of cycling the cell rapidly in acidic media 

between the potentials where oxygen and hydrogen evolution 

currents can be observed in the voltammetry. Thus, by evolving 

gases on the electrodes in an aqueous electrolyte, the formation 

of adsorbed O and H removes the contaminations, which are then 

carried by the electrolyte flow. Lastly, it was characterized 

electrochemically using its blank voltammetric profile to check if 

the cell is working properly. After the cleaning process, the 

obtained profile is similar to that of polycrystalline gold electrodes 

in the same electrolyte[82] (figure 5.C) obtained in conventional 

glass cells. 

 

EXPERIMENTAL RESULTS AT THE CARNAÚBA BEAMLINE. 

XRF of Platinum structures deposited on glassy carbon 

Nanoprobe beamlines were built to study a selected region of a 

given material (i.e., a region containing a group of particles or, 

even a single NP) instead of measuring the average properties of 

the entire catalyst. One of the ways to correlate the composition, 

electronic properties, and electrochemical activity in a specific 

region of an electrode is first to perform an XRF map. The 

chemical composition map can be used to track features of the 

sample, such as its shape, which can be used to locate a target 

region. 

XRF maps can be used to study increasingly smaller regions. For 

example, spherical platinum NPs (~5 nm in diameter) deposited 

on glassy carbon can be analyzed by XRF using different 

resolutions (figure 6.A-C), from covering a 250x250 μm2 region, 

going down to a 5x5 μm2 region with a total resolution (pixel size) 

of around 60 nm, making it possible to raster-scan the sample and 

localize the desired region with nanometer resolution. Moreover, 

XRF maps can also be used to examine the sample morphology, 



instead of being used as a probe to locate specific features. For 

instance, figures 6.D and 6.E show images of Pt sputtered on a 

glassy carbon electrode with specific geometric shapes by using 

Focused Ion Beam (FIB). This surface was mapped by XRF 

(figure 6.D) and compared to a Scanning Electron Microscopy 

(SEM) image (figure 6.E) of the same region, showing an 

excellent correlation. 

 

Figure 6. XRF maps for Pt L3 edge. (A-C) Pt NPs deposit on a glassy carbon 

electrode with different resolutions, showing that depending on the sample, the 

beamline can adapt itself to the proper region of interest dimensions, all the way 

to a few micrometers regions and pixel size of around 60 nm. (D) FIB deposited 

Pt patterns. (E) SEM image of the Pt depositions shown in D for reference. The 

signal is more intense in regions where there is a higher concentration of Pt. 

Despite the pixel size, the technique resolution is still limited by the beam size. 

If the pixel is smaller than the beam, the sample will be measured more than 

once, not increasing the overall resolution, but improving the image contrast. 

 

XRF mapping enables us to get spatially resolved images of the 

(electro-)catalyst with different magnifications, covering a wide 

size range, from micrometric to nanometric materials. More 

importantly, it can be performed in situ, allowing us to get images 

of the material morphology during (electro-)catalytic reactions 

with similar accuracy to SEM, as it can be seen by comparing 

figure 6D and 6E. Lastly, it permits the visualization of the 

chemical element distribution, which is extremely important in the 

(electro-)catalysis field, allowing us to understand changes in 

activity and stability of the analyzed surface. 

 

XAS of Platinum NPs deposited on glassy carbon 

X-ray absorption can also be performed at the Carnaúba 

beamline with nanoscale spatial resolution, yielding maps 

carrying information about the electronic structure or oxidation 

state. XAS experiments can be performed at both EXAFS 

(Extended X-ray Absorption Fine Structure) and XANES (X-ray 

Absorption Near Edge Structure) modes. In contrast to the usual 

XAS analysis, which is performed with beam sizes in the order of 

micrometers to millimeters,[83,84] and thus provides the average 

response from many NPs in the case of nanomaterials, by using 

a nanoprobe it is possible to analyze features from small clusters 

down to single NPs. This approach might show a different 

behavior than that observed with usual XAS, depending on which 

area of the sample is analyzed.  

Even though the XAS analysis is performed with higher spatial 

resolution than in conventional measurements (irradiating smaller 

areas means that we irradiate less absorbers and then increase 

the technique sensitivity), thanks to the higher flux provided by a 

4th generation synchrotron source, we are still capable of 

obtaining adequate signal-to-noise ratio (Figure 7.A). To define 

the desired region of interest and characterize the sample as 

shown in the previous section, the surface is first mapped by XRF, 

which allows the scientist to choose a region of interest to study. 

Then, using the beamline fine control of the beam position, the 

beam can be focused exactly on the desired position to collect the 

XAS data. It is important to note that the signal comes from only 

the region under the X-ray beam irradiation cross-section (figure 

7.B). At Carnaúba, the beam size is currently around 150x450 

nm2, but future improvements should decrease its size at the 

Tarumã station to 150x150 nm2. This opens up many 

experimental possibilities. One can, for example, get XAS spectra 

at different regions and then collect a map correlating any of the 

data extracted from it (e.g., oxidation state) with the material 

morphology for a spatially resolved analysis, instead of just a 

single point average interpretation of the problem. 

 

Figure 7. (A) XANES normalized spectrum for Pt L3 edge for a reference Pt foil 

and Pt NPs deposited on GC substrate. (B) XRF map of the Pt NPs. The signal 

is collected only in the central region of the fluorescence map, as indicated by 

the white spot with the pointing arrow. The beam cross-section is not in scale. 

 

BCDI of shape-controlled Platinum NPs  

Measuring the morphological properties and/or activity of single 

NPs could pave the way for a deeper understanding of the 

correlation between the structure and activity of individual 

particles. For more details about the potential contributions of this 

technique to electrocatalysis, how to perform the measurements 

and the physics behind it, we refer the readers to a contribution of 

some of us.[66] Despite the experimental difficulties faced when 

combining electrochemistry and BCDI, Maillard et al. have 

recently published the first article in electrocatalysis.[85] This 

seminal article in the field of (electro-)catalysis brings new 

information but, more importantly, shows the countless 

possibilities this technique offers to the field, however, still with 

the limitations of studying relatively big nanoparticles 

(240×230×110 nm3) and in a narrow potential window. 

This kind of single NP experiments can enormously contribute to 

comprehending the correlation between particle structural 

features and the average response of NP electrocatalysts 

obtained by conventional electrochemical measurements. In this 

context, many techniques do well at sensing activity/selectivity of 

single NPs, among which there are many microscopy methods 

(Scanning Electrochemical Microscopy (SECM), Scanning Ion-

conductance Microscopy (SICM), Dark-field Microscopy (DFM), 

Plasmonic-based Electrochemical Current Microscopy (P-ECM), 

etc.)[44,86,87] and nanoconfinement techniques 

(ultramicroelectrodes, nanoelectrodes, single NP collision, 

nanopores, nanochannels, etc.).[44,88,89] Besides the 

aforementioned techniques, an appealing technique for single NP 

analysis, especially for (electro-)catalysis is the Scanning 

Electrochemical Cell Microscopy (SECCM), which permits 

correlating structure/function in the nanoscale in 



situ/operando.[90–92] At last, we can also mention Scanning 

Tunneling Microscopy (STM), Atomic Force Microscopy (AFM), 

and High-resolution Transmission Electron Microscopy (HR-

TEM), which can also provide nanoscale, or even atomic, 

resolution. These last three are versatile tools that permit to 

observe materials at the nanoscale with higher detail, but, on the 

other hand they do not permit measuring electrochemical activity. 

Nanoconfinement experiments and SECCM allow measuring 

electrochemical activity, but they do not provide information about 

the structure of the particles. In this context, BCDI is a potentially 

powerful technique to explore electrocatalysts,[66] as it can be 

performed in situ with the right experimental setup, providing 

complementary information to the more well-developed 

techniques mentioned before. 

At Carnaúba, using the cells we developed, it is already possible 

to reconstruct the tridimensional shape of a single nanocrystal of 

the electrocatalyst. For instance, in figure 8, we show the 

reconstruction for a Pt nanocrystal. Figures 8.A-1 and 8.A-2 show 

the nanofluorescence and nanodiffraction maps acquired 

simultaneously, which allows finding the region of interest for 3D 

imaging. The pixel size in the XRF corresponds to the integrated 

spectra over the Pt fluorescence (SSD detector), on the other 

hand, the XRD map is the integration of the area detector intensity 

at the Bragg peak (Pt 111). Figures 8.A-3 to 8.A-5 show three 

slices of the reciprocal space obtained during the rocking curve, 

i.e., rotating the cell as shown in figure 8.B-1. In this measurement 

the reciprocal space was mapped in steps of 0.003° covering an 

angular range of ± 0.5o under 109 photons/sec. Figure 8.B-2 

shows a simplified schematic of the reconstruction algorithm of 

phase retrieval. The 3D image shown was obtained using the 

pyNX code developed on the ESRF.[93] The Pt NPs were 

synthesized electrochemically[94] and exposed to a heat treatment 

(450°C for 15min) before the data collection to minimize defects 

associated with the electrochemical growth. The reconstructed 

particle closely resembles the particle shape after the heat 

treatment (figure S2), which noticeably affects the particle edges. 

The particle obtained is around 85 nm, which agrees with the 

average particle size measured using electron microscopy (figure 

S3). Finally, it is important to highlight that these proof-of-concept 

experiments show enormous advances. At least to our 

knowledge, we are extremely close to the current size limit for a 

tridimensional reconstruction. Including this work, there are other 

two reports with full tridimensional reconstructions using particles 

in the same size range (from 45 to 60 nm), a recent pre-print 

publication of Björling et al.[95] and another previous work from the 

same author,[96] showing the smallest particles imaged with the 

technique so far. This demonstrates that we can get images in 

situ of particles with sizes well below 100 nm, which has been one 

of the main drawbacks of the technique for its application in the 

field of (electro-)catalysis. It is worth mentioning that Richard et 

al. have been able to image 20 nm Pt NPs using the recently 

upgraded extremely brilliant source (EBS),[97] but they didn’t 

publish a complete 3D reconstruction, although they were able to 

image the same particle from different angles.  

To end this section, we would like to highlight the work of Björling 

et al.,[95] describing in detail some problems that might be 

generated by the x-ray beam. As in our previous publication,[66] 

we would like to emphasize the importance of control experiments 

again. Besides, microfluidic cells such as the one we showed here 

could contribute to mitigate these problems by adjusting the flux 

and temperature of the electrolyte. 

 

SPECTROSCOPIC APPROACH.  

To contribute to the development of the field of (electro-)catalysts, 

it is important to correlate structural/compositional information 

with activity, selectivity and stability, as each of these properties 

is intricately connected.[98] Therefore, if one uses a 

characterization technique that provides information about only 

one of these aspects, the results must be supplemented to get a 

complete view of the catalyst performance. The usage of x-rays 

may excel at structure and stability analysis (by tracking the 

material morphology and structure over time), but it lacks the 

ability to evaluate activity and selectivity. On the other hand, 

spectroscopic techniques such as in situ FTIR and Raman are 

compelling at probing selectivity/activity.[99–101] Vibrational 

spectroscopy can be used to analyze key species at the electrical 

double layer, including the electrocatalytic material,[102] 

adsorbate-electrode intermediate species,[103] and also reaction 

products.[104] In addition, this information can be used in time-

dependent studies to infer the (electro-)catalyst stability.[105] 

 

Figure 8. (A.1) Bidimensional XRF and  (A.2) XRD maps around the analyzed sample (shown by a white arrow). (A.3-5) Diffraction patterns at Pt 111 Bragg peak 

(16.21°), and ± 0.15° around it, in the reciprocal space. (B1) The figure shows how the reconstruction can be obtained: the sample is rotated about 1° around an 



axis in the plane of the crystallographic plane to be analyzed. The scattering vector (G111) is perpendicular to the crystallographic plane of interest. The incident 

wave (ki) hits the sample, and the diffracted wave (kf) goes to the detector. Then, the diffraction patterns at different angles (as the ones shown in A) are combined 

to get a tridimensional Bragg peak diffraction intensity (in blue). (B.2) To get the reconstructed shape (in green), the reciprocal space data goes through a phase 

retrieval process to recover the real space information. An iterative phase retrieval algorithm converts the real and reciprocal space data by consecutive Fourier 

transforms. The SEM image of the analyzed crystals is shown in the inset. 

If we correlate spatially resolved data coming from X-ray-based 

techniques with a spectroscopy analysis which is not also spatially 

resolved, it would be difficult to do any correlation between the 

spectroscopic results and the X-ray-based characterization. In 

this case, a spatially resolved spectroscopic analysis would 

permit to take full advantage of the also spatially resolved X-ray 

experiment. By analyzing a heterogeneous structure using 

spatially resolved vibrational spectroscopy, the questions that we 

might want to answer would be: Is the activity homogeneous in 

the whole structure? What are the main products of the reaction? 

Is the selectivity homogeneous, i.e., are the same products 

formed in the different “points” in a given analyzed region? 

FTIR imaging can be used to track both activity and selectivity. 

For example, in the case of glycerol electro-oxidation, the 

stretching bands due to the oxidation products (like carbonyl 

containing groups, or even carbon monoxide/dioxide) allow the 

observation of where the reaction takes place (figure 9) and how 

intense is the reaction at different regions. The selectivity can be 

inferred by comparing the intensity from different bands, which 

might be different depending on the mechanism taking place at 

each region of the catalyst. Raman microscopy, on the other 

hand, can be used to probe either the catalyst or surface-

adsorbed molecules through the observation of characteristic 

bond vibrations.[106] In cases where the substrate contains Raman 

active bands (such as the carbon, in our case), and the catalyst 

itself does not, it can be used to track the catalyst distribution 

(figure 9). 

 

Figure 9. Visible image and spatially resolved vibrational spectroscopy images 

for a patterned Pt deposition over a GC substrate. The visible image (top) shows 

a shining Pt deposit on an opaque background. The Raman map is shown in 

the bottom left. The map was obtained using the G band of C at 1600 cm-1 

Raman shift. The Pt Raman signal is very low, thus the regions where there is 

Pt over the C attenuate the signal, providing the contrast to map the morphology 

of the catalyst. The same catalyst was then used for glycerol oxidation in acidic 

media. During the oxidation, FTIR images were collected at different applied 

potentials in a 0.1 mol/L perchloric acid solution. The result at 1 V vs. RHE is 

shown in the bottom right using the carbonyl band at 1740 cm-1. Many oxidation 

products contain carbonyl groups, thus using this band enables following the 

activity at different regions of the catalyst. The average FTIR and Raman 

spectrum and some point spectra for different regions of the sample are shown 

in Figure S4 and S5, respectively.  

 

The FTIR/Raman maps can then be correlated with the ones 

obtained using X-rays, such as XRF, providing insights into the 

structure-activity correlation by connecting the information about 

activity/selectivity with the morphological/structural data. Of 

course, this is true provided that we can use different techniques 

at the same region of interest, which shows why the development 

of an experimental setup for this is relevant. Moreover, it is 

important to note that spatially resolved FTIR/Raman allows 

getting the information carried by conventional spectroscopic 

analysis (the signal in this case is the average from all pixels 

collected by the infrared beam), besides the spatially resolved 

data itself. This is relevant for heterogeneous micro or nanoscale 

(electro-)catalyst structures, because when the signal coming 

from all pixels is averaged, important details might be lost in the 

process (when a low signal response gets even lower when 

averaged). This can be noticed in the FTIR imaging of Pt 

catalysts, where the CO band is not visible in the average 

spectrum, but it is noticeable in a pixel spectrum (figure S6). 

Unfortunately, FTIR and Raman have resolutions around 

hundreds or thousands of nanometers, which is not suitable for 

many systems. For instance, if we have particles of around 10 nm, 

with average distances of 100 nm we will not be able to 

differentiate signals coming from individual NPs with these two 

spectroscopies. Thus, we believe that Scanning Electrochemical 

Microscopy (SECM),[35,107–109] and its analogs, which can reach 

nanoscale resolution, could be excellent techniques to be coupled 

with some of Carnauba´s characterization tools discussed here. 

Using this method, the activity can also be probed in situ by 

measuring the electro-oxidation current directly or indirectly by 

performing a selective electro-oxidation reaction of a product, 

instead of spectroscopically monitoring the reaction products. 

However, vibrational spectroscopy is easier to perform, and even 

though the resolution is lower, these techniques are useful for 

many systems which do not require nanometric resolution. 

Besides, spectroscopic approaches are better than SECM-related 

techniques to simultaneously identify different products. Finally, it 

is important to note that these developments can be used in 

new[110] and future technologies able to reach a higher spatial 

resolution. For instance, in Optical Photothermal IR (O-PTIR), by 

using a photothermal effect to detect the infrared absorption, it is 

possible to reach resolutions well below 1 μm depending on the 

laser used.[110]  

Conclusion and Perspectives 

In this work, we described several techniques that permit to 

characterize (in situ or ex situ) catalytic surfaces or measure their 

electrochemical activity with spatial resolution, which is essential 

for analyzing heterogeneous structures. Real (electro-)catalysts 

are composed of a range of particle/grain sizes, hence presenting 

some dispersion in their shape, composition, etc. Since the 

response of these materials is the product of a combination of 



many interrelated intrinsic characteristics of the sample, it makes 

it difficult to separate the contribution of all these effects in 

different regions.[111] For example, in the electrochemistry field, it 

is not hard to find studies where the structure of a material is 

evaluated by high-resolution techniques (such as TEM), then the 

response of this specific analyzed region is directly assigned to 

the whole sample, which is not necessarily homogeneous. For 

this reason, it is extremely important to develop new techniques, 

or combination of them, which can enable the correlation of the 

structure of the catalyst with the activity/selectivity of the reactions 

using parameters that have been historically measured as 

average values (like the oxidation state of atoms, coordination 

number, structure around an atom, etc.). With the aid of 4 th 

generation synchrotrons, now many of these parameters can be 

mapped with nanometric resolution. 

This kind of combination have been limited to a few research 

groups due to the lack of instrumentation to combine different 

techniques which have a relatively high cost or require very 

specialized human resources to run them and/or to build the 

necessary facility. However, equipment such as FTIR and Raman 

microscopes are becoming more and more popular, to a point 

where nowadays there are several available commercial 

microscopes with different prices and performances, that allow 

getting results similar to those shown here. Besides, new 

technologies are emerging, improving both the sensitivity and 

resolution of these techniques.[110,112] 

This fancy set of techniques allows obtaining unique results and 

it will certainly help push the border of knowledge in several fields 

of science and technology. Unfortunately, nanofocus beamlines 

are not as available as the other resources mentioned here, but 

the future is promising. The first 4th generation nanofocus 

beamline was set at MAX IV in 2016,[113] then, ESRF launched its 

beamline upgrade in 2018[114] and Sirius started commissioning 

its first in 2021[48] (many others are in the planning stage, new 

facilities like HEPS in China, or upgrades to existing ones such as 

APS-U in the USA, PETRA IV in Germany, ELETTRA 2.0 in Italy, 

to cite some[115]). Thus, the development of tools and training of 

human resources to take advantage of these facilities is extremely 

important not only for the beamlines we have today, but also for 

the many available soon. 

We have developed some experimental setups and we showed 

here just a flavor of how several techniques can be combined. We 

hope that researchers all over the world take advantage of these 

tool to tackle relevant electrochemical problems. Even if we have 

focused mainly on one-element NPs or heterogeneous structures 

(nano or micro), some of the techniques and tools presented here 

can be useful to study for instance multicomponent catalysts,[116–

120] from multimetallic particles to high entropy alloys (HEAs). In 

these cases, getting to know how the activity/selectivity is 

connected to the structure/element distribution is especially 

important, since this is key to understand how each component 

determines the overall electrocatalytic activity.[107] 

The biggest limitation of using the proposed combination of 

techniques is the resolution difference between them. While X-ray 

techniques available at the Carnaúba beamline can reach a 

nanoscale resolution, for most FTIR imaging and Raman 

microscopy equipment, the resolution is limited to the micrometer 

scale. However, our aim here was to show the instrumentation we 

developed and its functioning through some proof-of-concept 

experiments. Besides, we highlighted the value of combining 

different techniques, which is not restricted to the combinations 

done here. For instance, a group with expertise in SECM can use 

a nanoprobe beamline to characterize a surface and the SECM to 

correlate the outputs of the characterization with the activity. 

Therefore, by showing these examples and the facilities available 

at the Carnauba beamline, we hope to have encouraged 

researchers to plan ambitious experiments in their fields, able to 

obtain new and relevant information through a multi-technique 

approach. 

Experimental Section 

Electrochemical experiments. The electrochemical experiments (such 

as the electro-oxidation of glycerol) were performed by using cyclic 

voltammetry (CV), and chronoamperometry. We used a Metrohm 

potentiostat (Autolab PGSTAT302N). When at the Carnaúba beamline, 

the potentiostat used was a device built/programmed by the beamline staff. 

The CV experiments were performed in the three-electrode 

spectroelectrochemical cells. The voltammogram profiles were performed 

at current sweep a rate of 50 mV/s in the potential range from 0.05V to 

1.45V vs. the reversible hydrogen electrode (RHE). The solutions were 

prepared using the following chemicals: sodium hydroxide (Sigma-

Aldrich®, 99.99%) and perchloric acid (Sigma-Aldrich®, 70-72%, 

EMSURE®). Solutions were prepared using ultrapure water (Milli-Q, 18.2 

MΩ). Prior to the experiments the glassy carbon substrates were polished 

using increasingly finer sandpaper (p2500 to p4000) and then alumina 

powder (0.3 μm) over a wet polishing cloth. The Pt electrodes were 

cleaned using flame annealing. The oxygen was removed from the 

solutions by nitrogen purging before the experiments. 

X-ray experiments at Carnaúba. The 2D XRF maps were obtained using 

a 12 keV energy. The XANES analysis used an energy range from 11 keV 

to 11.65 keV, with steps of 0.5 eV. The diffraction patterns were collected 

at 9.725 keV (λ=1.27 nm), these patterns are the input used for the BCDI 

reconstruction to map the 3D Bragg peak intensity,  

Spatially resolved FTIR and Raman. The FTIR spectra were collected 

using a Cary 670 (Agilent) spectrometer. The maps were collected using 

a spectral resolution of 8 cm-1 and spatial resolution of around 3 μm, 

collecting a total of 512 interferograms. The Raman spectra were collected 

using a XploRA ONE (Horiba) confocal microscope. Each map was 

performed using 2s acquisition time and 2 spectra accumulation. We used 

a 785 nm laser. The image was collected by scanning the sample in point-

by-point mode, with each point of the map being spaced from each other 

(vertically and horizontally) by 5 μm. 
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