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required to enhance the reaction kinetics 
and improve the overall energy efficiency. 
Noble metals such as Pt have been widely 
utilized to promote such reactions and 
have long proven their usefulness on the 
historical Apollo and Gemini space mis-
sions,[1,2] and even in some public trans-
portation in the past few years.[3] However, 
the high cost of these precious metals 
along with other infrastructural reasons 
have precluded these renewable energy 
technologies from widespread commercial 
applications. While cheaper alternatives 
such as nonprecious transition metals 
have been researched, their applications 
have been ultimately hindered by the lack 
of structural tunability and high suscep-
tibility to corrosion in the acidic environ-
ment during hydrogen evolution and CO2 
reduction reaction.[4,5]

Alternatively, researchers have devel-
oped metal-free catalyst (MFC). In addi-

tion to having a zero-metal content, MFCs have high struc-
tural tunability and relatively higher corrosion resistance 
due to the stable carbon–carbon bonds. Furthermore, MFCs 
are free from metal dissolution and catalyst poisoning. More 
importantly, MFCs demonstrate high selectivity and activity 
from the many potential dopants. The positive effects of intro-
ducing heteroatoms atoms into these carbon materials have 
played an enormous role in advancing MFC. Various dopant 
species, such as B,[6] N,[2] P,[7] I,[8] and S[9] have dominated the 
MFC research literature. Over the past decade, the large family 
of carbon allotropes and dopants have drawn much attention 

Operando characterization techniques have played a crucial role in modern 
technological developments. In contrast to the experimental uncertainties 
introduced by ex situ techniques, the simultaneous measurement of desired 
sample characteristics and near-realistic electrochemical testing provides 
a representative picture of the underlying physics. From Li-ion batteries to 
metal-based electrocatalysts, the insights offered by real-time characterization 
data have enabled more efficient research programs. As an emerging 
class of catalyst, much of the mechanistic understanding of metal-free 
electrocatalysts continues to be elusive in comparison to their metal-based 
counterparts. However, there is a clear absence of operando characterization 
performed on metal-free catalysts. Through the proper execution of 
operando techniques, it can be expected that metal-free catalysts can achieve 
exceptional technological progress. Here, the motivation of using operando 
characterization techniques for metal-free carbon-based catalyst system 
is considered, followed by a discussion of the possibilities, difficulties and 
benefits of their applications.

Metal-Free Electrocatalysts

1. Introduction

The impact of fossil fuel-based energy sources on climate 
change has driven immense research efforts into various 
renewable energy systems. Among them, technologies such 
as metal-air batteries, fuel cells, and water splitting can help 
solve the current energy and environmental challenges. The 
energy conversion and storage in these technologies are domi-
nated by reactions such as hydrogen evolution reaction (HER), 
hydrogen oxidation reaction, oxygen reduction reaction (ORR), 
and oxygen evolution reaction (OER), where electrocatalysts are 
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toward ORR,[2,10] OER,[11] CO2 reduction reaction (CRR),[4] 
and HER.[5,12] However, the mechanistic understanding is still 
severely lacking.

Operando techniques are a class of in situ techniques with 
a specific focus on obtaining characterization data of spatially 
interesting locations while under analog or even true oper-
ating conditions. While in situ techniques only entails charac-
terization under relevant environmental conditions. Although  
operando characterization has been widely used to study many 
energy systems, such as lithium-ion,[13] Li–S,[14] and Li–O2,

[15] 
batteries its application in catalyst technologies has been  
mostly limited to the metal components. That is to say, there 
has been nearly no application of operando characterization 
techniques for understanding the mechanism of MFC elec-
trochemical catalysts. Herein, we will discuss the needs and 
challenges for the application of operando studies in MFCs. 
Specifically, we will first justify the necessity of applying such 
technique by contrasting ex situ and in situ/operando data 
of electrocatalysis. We will then highlight the key issues in 
achieving proper operando characterization of MFC-based elec-
trocatalysis and discuss plausible strategies for operando cell 
designs for bypassing challenges.

2. Necessity of Operando Characterizations 
in Understanding Electrocatalysis

The two most prominent advantages of operando characteriza-
tion techniques lie in its ability to reveal both reaction details 
in real time and to reduce experimental artefacts. Specifically, 
ex situ methods only provide information regarding the start 
and end states of targeted material systems, while the stepwise 
reaction kinetics, the existence of any short-lived intermediates, 
and the thermodynamic energy landscapes of the overall system 
are undetectable. In addition, the disturbance to the ongoing 
reactions by ex situ experiment as well as the chamber-to-
chamber sample transfer inevitably introduces artefacts to the 
data interpretation. To follow, a few examples will be presented 
to emphasize the different conclusions obtained between  
ex situ and in situ/operando data.

ORR and OER kinetics in the cathode of a lithium-air battery 
remains to be elusive due to a lack of in-depth understanding of 
the reaction details. Particularly, while researchers have found 
clear evidence of high discharge capacities for RuO2 catalysts, it 
remains speculative as to how the supposedly passivated RuO2 
catalyzed any further ORRs that yielded high capacities.[16] In 
recent years, with the development of operando liquid trans-
mission electron microscopy (TEM), more realistic testing con-
ditions such as the application of a voltage bias with a liquid 
electrolyte medium, enabled the real-time observation of ORR 
reactions under realistic catalytic conditions and the correlation 
of such observations with the simultaneously measured elec-
trochemical potentials.[17] Work by Chen and co-workers imple-
mented scanning transmission electron microscopy (STEM) 
with a liquid electrochemical cell to investigate the role of RuO2 
as ORR/OER electrocatalyst in Li-O2 battery.[18] As shown by 
the “Operando” panel in Figure 1 (top left),[18,19] it was found 
that RuO2 functions as preferential sites for Li2O2 precipita-
tion during discharge. More importantly, operando observation 

clarified that disproportionate reaction plays a major role in 
the discharge mechanism, which is evidenced by the real-time 
recording of the formation and growth of isolated/detached 
Li2O2 in the electrolyte around the RuO2 nanoparticles. For the 
charge process, prior to such operando studies, the decomposi-
tion mechanism of insulating Li2O2 (during charge) remained 
unclear. The detached and poorly soluble Li2O2 should presum-
ably be quite inactive in the electrolyte with only the catalytic 
function of RuO2 occurring appreciably at the electrolyte-RuO2-
Li2O2 triple-phase interfaces. The continuous temporal resolu-
tion intrinsic to the operando study of the OER process (top 
right panel) has offered strong evidence that there should 
be some comproportionation reaction facilitating the oxida-
tion reaction. The simultaneously measured voltage profile 
of the liquid cell-based battery during STEM imaging further 
correlates the electrochemical properties of the system to the 
real-time structural evolution of targeted cathode particles. 
Ex situ characterization (bottom panels), on the other hand, 
only shows static postdischarge and postcharge structures on 
the surface of RuO2 nanoparticles without any further catalytic 
kinetics at various states of (dis)charge as provided by operando 
characterization. Therefore, it would be nearly impossible to 
arrive at the same conclusion using ex situ techniques.

As another example, Cu+ sites on the surface of nanostruc-
tures derived from the reduction of copper oxides have long 
been suggested to be the active sites for CO2 reduction, while 
no direct evidence was provided.[20] Using operando X-ray 
absorption spectroscopy (XAS), Mistry et al. studied the Cu-
based catalysts in their working state and finds that Cu+ is the 
active species for reducing CO2 to ethylene by showing that the 
presence of Cu+ lowers the onset potential and enhances ethy-
lene selectivity while Cu2O can still maintain its stability on the 
surface during CO2 reduction (Figure 2).[21] In contrast, ex situ 
studies on the similar Cu-based catalyst system obtained no 
substantial evidence for Cu+ after the catalysis reactions.[22] The 
discrepancy between operando and ex situ results might be due 
to the fact that the ex situ analyses are generally complicated by 
the inevitable sample removal from the reactors and exposure 
to atmosphere, as well as the extra sample processing/prepara-
tion for ex situ characterizations.[23]

3. Operando Techniques for Metal-Free Catalysts

Similar to metal-based catalyst, some of the main questions for 
MFC lie in the identification of the reaction intermediates and 
true active sites. The underlying mechanisms of how hetero-
atomic doping improve the catalytic performance are believed 
to be related to the introduction of defects and changes to the 
electronic states within the carbon matrix.[24] These changes 
can increase/decrease conductivity or tune the polarity of the 
carbon substrate and thus diverse the electronic structures of 
the substrate.[25,26] Yet, there have been barely any convincing 
experimental data to confirm these proposed mechanisms, 
severely limiting our ability to design the structure and com-
position of advanced catalyst candidates. The main difficulty in 
implementing operando techniques for metal-free catalyst lies 
in the low atomic weight of the non-metal atoms. These light 
atoms (C, N, S, O, etc.) are inevitably more difficult to detect 
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due to the small cross section of electron/photon interaction 
events that are necessary to extract material information.[27] 
Immediately, hard-XAS can be considered not useful for 
detecting the elements in MFC, as most dopants are atomically 
too light. Soft-XAS[28] and X-ray photoelectron spectroscopy 
(XPS)[29] both have the ability to characterize the doped non-
metal atoms’ valence. However, both of these techniques are 
typically operated under high vacuum, making any operando 
studies difficult. Furthermore, due to the low penetrating power 
of both XPS and soft-XAS, it is also difficult to collect reliable 
data through a liquid medium (i.e., electrolyte). Fortunately, 
recent works in both fields have demonstrated techniques to 
bypass these experimental hurdles. A soft-XAS study operated 
under fluorescence mode was achieved by using a ≈100 nm 
Si3N4 barrier to separate a working electrode facing liquid water 
on one side, from the high vacuum environment of the syn-
chrotron X-ray source on the other. As shown in Figure  3a, one 
side of the working electrode is exposed to liquid electrolyte, 
while the other side is only separated from a vacuumed XAS 
measurements environment by a ≈100 nm thin film.[30] XPS 
techniques have also been reported to operate under a saturated  
18–20 Torr of water pressure (equilibrium vapor pressure of  

water at room temperature),[31] which could potentially enable 
the operando XPS monitoring of the valency of the MFC atoms. 
As shown in Figure  3b, the working electrode containing the 
catalyst is first submerged in an electrolyte solution and then 
partially raised to allow for a thin 20–30 nm electrolyte film 
(meniscus) to form. The thin nature of the electrolyte layer 
allowed for XPS signals to be collected. Such a technique can 
serve to map out the catalytic process with details pertaining 
to any sorption process reactants or intermediates to any of 
the atoms/atomic groups. To the best of our knowledge, these 
techniques have yet to be applied toward MFC. In these spe-
cific examples, the soft XAS system was used to investigate the 
adsorption of water onto gold, while the XPS system was used 
to study a Ni–Fe catalyst. However, the general experimental 
design concepts (separation of vacuum/liquid chambers and 
decrease rate of liquids evaporation) can serve as very important 
design criteria for any future MFC operando studies.

For example, the technique of separating the liquid electro-
lyte from a high-vacuum environment was also leveraged in 
the aforementioned liquid-cell TEM (Figure  1) and by other 
groups to achieve more realistic experimental conditions.[15,32] 
In the case of a liquid TEM cell, two Si chips encapsulating 
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Figure  1. (Top panels) Time sequential high-angle annular dark-field (HAADF)-STEM images showing the formation of Li2O2 (in yellow or yellow-
green) during ORR and its decomposition during OER catalyzed by RuO2 nanoparticles (in blue) loaded on Au cathode (in purple). The corresponding 
voltage profiles measured simultaneously during the operando operation are provided on top. Reproduced with permission.[18] Copyright 2018, Elsevier. 
(Bottom panels) SEM image of the discharged (left) and charged (right) RuO2 cathode in the 1st cycle. Reproduced with permission.[19] Copyright 2015, 
Wiley-VCH. Scale bars in all panels are 500 nm.
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liquid electrolytes were designed with the imaging area cov-
ered by an electron-transparent silicon nitride window of only 
tens of nanometers in thickness (Figure  3c). However, it might 
be initially difficult to obtain a TEM image with appreciable 
contrast as species with low atomic mass might be too convo-
luted by the compounds in the electrolyte of similar molecular 
weight. For electron-based techniques, effort should be placed 
on increasing the cross sections of electron scattering when 
interacting with light atoms to enhance the signal-to-noise 
ratio, as well as avoiding sample damage and side reactions 
caused by incident electrons that possess much higher energy 
than photons.[33] Our previous work found valuable informa-
tion pertaining to the interfacial reaction kinetics in an organic 
electrolyte by optimizing such imaging parameters.[15] While 
there were no heteroatomic doping on the current collector sur-
face, we still demonstrated the successful nanoscale imaging of 
light compounds/elements such as Li2O2 and even amorphous 
carbon with improved microscopic contrast. Therefore, from a 
technical point of view, the reduction in the thickness of the 
electrolyte layer and the optimization of imaging parameters, 
such as the accelerating voltage, the size of the imaging area as 

well as recording time can help to enable the 
visualization of the atomic dynamics of light 
elements.[32]

In contrast, neutron scattering can be an 
excellent technique due to its higher sensi-
tivity to lighter elements. Neutron scattering 
can distinguish isotopes of lighter elements, 
enabling the study of proton insertion and 
elemental absorption among various electro-
catalysts.[34] Operando water imaging within 
the catalyst layer using neutron serves as a 
noninvasive method to elucidate the catalytic 
impact of a change in wettability of the 
carbon support during aging in operating 
fuel cells[35] Yet, the relatively poor spatial 
and temporal resolution of this operando 
approach limits its application range.[36] Fur-
thermore, many techniques are indifferent to 
the atomic mass of the catalyst. Raman can 
potentially be used to detect the IG/ID ratios 
of N-doped carbon,[25,37] which can be moni-
tored over cycling to detect any degradation of 
the nitrogen doping while FTIR can be used 
to monitor the polar bonds present in CN, 
CO doping and determine chemisorbed 
processes.[38] Further advancement in these 
techniques could lead to the use of spectro-
scopic technique with high spatial resolution. 
Vibrational spectroscopy (both FTIR and 
Raman) operated under a high-resolution 
microscope can provide details on the cata-
lytic process with nanometer resolution.[39] 
This would provide very powerful informa-
tion on the state of the catalyst site if an 
operando configuration can be achieved. 
However, if this were to be pursued, it would 
be imagined that a similar XPS cell shown in 
Figure  3b might be required. Other prospec-

tive techniques include the scanning electrochemical micros-
copy (SECM)[40] and electrochemical quartz crystal micro-
balance (EQCM). Similar to the Pt-based catalyst, differences in 
catalytic activity can be differentiated based on different types 
of atomic doping and defect levels. It has been shown that 
the defected regions of graphene has a higher activity toward 
o-phenylenediamine electropolymerization with SECM.[41] 
EQCM will be able to monitor the mass change of the catalyst 
electrode as a function of voltage. This technique will provide 
indirect evidence of the adsorption processes of reactants and 
intermediates onto the catalyst that occurs prior to the various 
electrochemical reactions. From this information, a reaction 
pathway can potentially be drawn, and the catalytic processes 
can be identified for the various types of MFC.

Finally, beyond general conceptual designs, the specific 
design of the operando experiment chamber will dictate the 
usefulness of each characterization technique. For example, 
if the experimental chamber is required to be sealed for 
proper operation, a window must be made to allow the 
detecting beams to reach the samples and be recorded at  
the detector. In the case of the Si3N4 barrier for soft-XAS, the 

Adv. Mater. 2018, 1805609

Figure  2. Operando structural and chemical characterization during CO2 electrochemical 
reduction. a) X-ray absorption near-edge structure (XANES) spectra of the O2 100 W 2 min 
treated sample measured under operando conditions in 0.1 m KHCO3 during the first 15 min 
and after 1 h of reaction at −1.2 V versus reversible hydrogen electrode (RHE). Bulk Cu, Cu2O, 
and CuO spectra are plotted as reference. b) Extended X-ray absorption fine-structure spec-
troscopy (EXAFS) of the as prepared sample plotted with references. c) EXAFS spectra and fits 
(dashed lines) of the sample measured under operando conditions. Reproduced with permis-
sion.[21] Copyright 2016, Springer Nature.
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application of such a thin layer (≈100 nm) was only achieved. 
Depending on the characterization technique, it is likely that 
the window must be a part of a sealed cell that can mechani-
cally withstand vacuum conditions and only minutely interact 
with the signals to be collected by detectors placed outside 
the chambers.

4. Conclusion

Operando techniques have provided 
insightful information on the underlying 
mechanism in metal-based catalyst. It is 
expected that if the same information is 
attainable for MFC systems, great advances 
in MFC technology can be achieved. A more 
rational selection of catalyst precursors and 
configuration can thus be made to form new 
catalysts with desired property and advanced 
performance. However, the light nonmetal 
elements are typically difficult to detect, 
which is further exacerbated by the inevi-
table accompaniment of electrolytes con-
taining elements of similar atomic weight 
and even the same atomic species. We have 
summarized the characterization techniques  
discussed here  in Table 1, with details 
pertaining to their usefulness, foreseeable 
barriers, and potential solution.

It should be noted that this list is not 
comprehensive and should only be used as 
a starting point for future researchers. With 
the recent trends for application of operando 
for energy storage research, it is expected that 
many new techniques will be introduced in 
the near future. Furthermore, while we can 
identify a few experimental barriers that can 
occur for characterizing MFC systems, there 
will undoubtedly be new experimental chal-
lenges that will only become apparent during 
testing. For example, when operating on 
the SECM, it is unclear whether the gener-
ated gases for both HER and OER will affect 
the current response or what would be the 
optimal way (if possible) to inject reduction 
reactants for ORR and CRR? How would the 
amount of electrolyte affect the catalyst per-
formance and spectroscopic signal? Further-
more, high-energy probing techniques might 
change the nature of the material and intro-
duce artefacts.[42] In the future, researchers 
must take care to identify/eliminate these 
artefacts to ensure that correct conclusions 
are drawn. Finally, while speculation can 
be made about which techniques are the 
most suitable for MFC and which should be 
abandoned, ultimately it is the experimental-
ists’ cell design that will determine the final 
efficacy of these techniques.
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Figure  3. a) Schematic representation of soft XAS (fluorescence mode) cell operated with 
liquid electrolyte and a ≈100 nm Si3N4 film separated the liquid from the vacuum environment. 
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c) liquid cell TEM experimental setup with a LiCoO2 counter electrode and carbon working 
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