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Surface coverage and reconstruction analyses
bridge the correlation between structure
and activity for electrocatalysis

Zhongyuan Guo, ab Tianyi Wang,b Jiang Xu,*a Ang Cao *cd and Hao Li *b

Electrocatalysis is key to realizing a sustainable future for our society. However, the complex interface

between electrocatalysts and electrolytes presents an ongoing challenge in electrocatalysis, hindering

the accurate identification of effective/authentic structure–activity relationships and determination of

favourable reaction mechanisms. Surface coverage and reconstruction analyses of electrocatalysts are

important to address each conjecture and/or conflicting viewpoint on surface-active phases and their

corresponding electrocatalytic origin, i.e., so-called structure–activity relationships. In this review, we

emphasize the importance of surface states in electrocatalysis experimentally and theoretically, providing

guidelines for research practices in discovering promising electrocatalysts. Then, we summarize some

recent progress of how surface states determine the adsorption strengths and reaction mechanisms

of occurring electrocatalytic reactions, exemplified in the electrochemical oxygen evolution reaction,

oxygen reduction reaction, nitrogen reduction reaction, CO2 reduction reaction, CO2 and N2 co-

reductions, and hydrogen evolution reaction. Finally, the review proposes deep insights into the in situ

study of surface states, their efficient building and the application of surface Pourbaix diagrams. This

review will accelerate the development of electrocatalysts and electrocatalysis theory by arousing broad

consensus on the significance of surface states.

Introduction

Facing the global energy crises and climate changes, our society
is witnessing a desirable revolution of energy infrastructures.
Electrocatalysis has great potential to bring us a bright and
sustainable future with the target of using renewable resources
to convert low-cost feedstocks into value-added chemicals.1–11

Electrochemical water splitting can produce green hydrogen
and oxygen.12–14 Meanwhile, electrochemical oxygen reduction
can convert hydrogen into water without any carbon emissions
and simultaneously release electric energy.11,15–17 The electro-
chemical nitrogen reduction can catalyze gaseous nitrogen into
ammonia under ambient conditions using green electricity
without the harsh reaction conditions of the Haber–Boash
method.18–22 The mitigation of unprecedented atmospheric
CO2 levels can also be achieved through electrocatalytic CO2

reduction into carbon-containing fuels.23–25 Furthermore,
the coupling of electrocatalytic N2 and CO2 co-reduction can
be employed to produce urea.26 Therefore, in past decades,
tremendous efforts have been made toward the discovery of
promising electrocatalysts, as the core of electrochemical sys-
tems, and the development of electrocatalysis theory to guide
the rational design of electrocatalyst materials.

The industrial application of electrocatalysis requires elec-
trocatalytic materials with high performance. Currently, various
strategies have been developed to design highly efficient and
stable electrocatalysts, including defect engineering,27–29 alloy
engineering,30,31 strain engineering,32 heterostructure engineer-
ing,33,34 etc. These methods have promoted the activity and
selectivity of electrocatalysts, although many catalysts cannot
reach the required industrial levels. However, their structure–
activity relationships remain obscure because surface-active
phases with meticulous design are usually different from the
resting surface states (i.e., electrochemistry-induced surface
coverages and/or the subsequent reconstruction) of catalysts
under in situ conditions.35 Due to the electrochemically-driven
water activation and ion deposition/dissolution at catalytic
interfaces, newly-evolved surface states will emerge with the
pre-coverage of some species,36–43 even resulting from surface
reconstructions induced by existing defects (e.g., oxygen and
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phosphorous vacancies).44,45 Moreover, the water environment
can oxidize catalytic materials (like MXenes) to form new
species over surfaces.46 Such complex phenomena complicate
the understanding of the origin of electrocatalysis and then
limit the advance of electrocatalysts.

In very recent years, the surface state analysis of electro-
catalysts has begun attracting attention in the field of
electrocatalysis.36,39,43,44,47–53 In experiments, researchers have
found different surface coverages and newly-formed surface-
active phases under electrocatalysis compared to their as-
designed surfaces.54–58 These new surface states are highly
correlated to their delivered performance. Although some
advanced in situ and post-reaction characterizations can pro-
vide helpful information on surface species and electronic
valence of active sites,59–61 uncovering surface coverages and
precise atomic structures/active sites is challenging. Fortu-
nately, the surface Pourbaix diagrams, first proposed in elec-
trocatalysts in the year 2008,62 have demonstrated the capacity
to identify the most energetically-favourable surface states of
electrocatalysts under electrocatalytic conditions, which is
really helpful to the building of authentic structure–activity
relationships. This will be discussed later in detail in this
review work. Additionally, the presence of extensive anionic
deficiency on surfaces will lead to surface reconstructions,
forming new surface-active phases. Based on these scenarios,
very recently, we proposed a standard research paradigm for
structure–activity relationships in the investigation of electro-
catalytic CO2 reduction over SnO2, which is also applicable to
other electrocatalytic reactions.44

In this review, we will initially discuss how to find stable
catalyst surfaces, i.e., surface states, and emphasize the core
position of surface state analysis in building structure–activity
relationships for electrocatalysis systems. In experiments, the
in situ characterizations may still provide limited information
on the understanding of surface-active species at atomic levels
but can act as an important supplement for density functional

theory (DFT)-based theoretical studies. Then we will discuss
how surface states determine the adsorption of reaction inter-
mediates and reaction mechanisms rather than as-synthesized
surfaces through some electrochemical reactions. Finally, we
propose deep insights into the in situ study of surface states, the
fast and effective building of surface Pourbaix diagrams, and
other applications of them.

The basic research framework for
electrocatalysis

Currently, numerous electrocatalysts have been experimentally
tested or theoretically screened for accelerating the energy
conversion efficiency and reaction kinetics. However, authentic
structure–activity relationships existing in different electroca-
talytic systems remain obscure although many exciting cata-
lysts have been claimed or predicted. The primary challenge
lies in the unknown resting surface of electrocatalysts, stem-
ming from the insufficient consideration of surface state ana-
lysis. Our group emphasized the necessity of analysing surface
states through different electrochemical reactions with various
classic materials, including dual-atom catalysts37 and metal
oxides/nitrides/sulfides.36,39,44,48,49 In the meantime, Garcı́a-
Melchor and Ciotti have also discussed the importance of
surface coverages of electrocatalysts under reaction conditions
and that unphysical models may decelerate the discovery
process of more effective and cheaper electrocatalysts.43 To
provide a guideline/framework to uncover structure–activity
relationships in the community of electrocatalysis, here the
key research ingredients for density functional theory (DFT)-
based and experimental studies are emphasized as shown in
Fig. 1. As for the DFT-based studies, the surface Pourbaix
diagrams should emerge as a fundamental tool to illustrate
electrochemically-induced surface coverages; then sometimes,
some surface species could induce the surface reconstruction

Fig. 1 The proposed basic research framework for theoretical and experimental investigations to build an authentic connection between surface-active
structures under the reaction conditions and the delivered performance.
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to form a new phase, thus molecular dynamics (MD) simula-
tions using various algorithms, like the constrained genetic
algorithm,63,64 are needed to obtain the most stable surface
phase and the evolution process of active sites. Furthermore,
the MD simulation of explicit interfacial models is an effective
scheme to study the surface states.46,65,66 Certainly, the surface
reconstructions of electrocatalysts can be affected by many
factors, including fluctuating electrolyte pH, temperature,
applied potentials, and ions. Therefore, advancing more pre-
cise MD methodologies that incorporate the aforementioned
factors is highly sought after, yet remains a formidable chal-
lenge. Following surface state analysis, the analysis of electro-
catalytic mechanisms, including thermodynamics and kinetics,
can then be conducted based on the real/resting surface states
under relevant reaction conditions. In experiments, to illustrate
the structure–activity relationship, it is necessary to precisely
synthesize the electrocatalysts with controllable surface species
and compositions, and coordination environments. Nevertheless,
the surface state of active sites during electrochemical reactions
may be more complex than typically assumed or designed, further
complicating the identification of active sites. Therefore, during
the electrocatalytic process, in situ advanced characterization
techniques should be employed to understand the changes in
electronic valences and surface compositions,67 which determine
the activity and selectivity of electrocatalysis. Although in situ
characterization techniques have been widely employed in various
electrocatalytic systems, theoretical DFT-based investigation can
provide powerful support to dictate the surface-active phase and
the atomic-level understanding of reaction mechanisms. In eluci-
dating structure–activity correlations, the integration of theoretical
and experimental approaches is essential to advance the design
of efficient electrocatalysts and foster the progression of electro-
catalysis theory. In the following section, we will emphasize
how surface state analysis aids in decreasing the discrepancy in
different electrocatalytic systems, particularly boosting the under-
standing of surface-active structures and their corresponding
performance, including the electrochemical oxygen evolution reac-
tion (OER), oxygen reduction reaction (ORR), nitrogen reduction
reaction (NRR), CO2 reduction reaction (CO2RR), CO2 and N2

co-reductions, and hydrogen evolution reaction (HER).

Surface state analysis narrows down
the discrepancy in electrocatalysis
OER electrocatalysis

The design of low-cost and effective electrocatalysts for water
electrolysis is an open challenge. Many studies have suggested
that the OER usually suffers from sluggish kinetics and
instability,13,68–72 significantly making the practical implemen-
tation of electrochemical water splitting difficult and ineffi-
cient. Very recently, our group employed a doping strategy to
design a series of electrocatalysts based on modified zirconium
dioxide (ZrO2) with excellent thermal stability, identifying that
single-atom Fe and Rh dopants showed remarkable activity
enhancement towards the OER.73 The study provides crucial

insights into the design and development of stable, high-
activity, and low-cost OER electrocatalysts for water splitting.
However, the industrial-scale application of OER electrocata-
lysts still faces the bottleneck of easily-changed structure–
activity relationships, because the interaction between catalysts
and electrolyte media is very complicated at large current
densities. Achieving long-term stability and high catalytic activity
requires a comprehensive understanding of electrochemically-
induced surface-active structures and their impact on perfor-
mance. For example, with knowledge of the surface-catalytic
structure–activity relationship, Gu et al.74 tuned the surface struc-
ture of FeNi nanoparticles by rational thermal oxidation and/or
reductive approaches for the OER, finding that the surface struc-
ture of catalysts in a fully oxidized or metallic state is not active,
whereas the mixed-phase FeNi alloys demonstrate superior cataly-
tic performance due to the optimized valence states of the Fe/Ni
species. Bhattacharyya et al.75 employed the finite cluster models
combined with constant potential-DFT and implicit solvation
methods to investigate the impact of Fe substitution in
cobalt(oxy)hydroxide for the OER. The surface states of the cluster
catalyst models reveal that cobalt(oxy)hydroxide predominantly
carries a positive charge under alkaline conditions, with nearly
complete coverage of hydroxyl ligands coordinated to the Co
center. This surface configuration represents the active catalytic
phase for the OER. Additionally, the constant potential approach
shows that at lower potentials, the O–O bond preferentially forms
through the coupling of adjacent Co–OH sites, consistent with
experimental findings. Substituting a surface Co atom with Fe
significantly enhances the ease of oxidation compared to the
unmodified structure. The existence of Fe could reduce the H+

affinity of the surface-bound –OH moieties, i.e., increased Fe–OH
acidity, consequently decreasing the rate-determining step of the
deprotonation of the –OH group. Analysis of surface states in finite
cluster models confirms experimental results and offers deeper
insights into the structure–activity relationship for the OER.

Pan et al.76 synthesized a highly efficient, stable noble-metal-
free electrocatalyst to address the limitations in OER activity
and stability. The as-synthesized Mn7.5O10Br3 catalysts can
achieve a low overpotential of B295 mV at 10 mA cm�2 and
meanwhile maintain good stability operating for 4500 h. DFT-
calculated bulk Pourbaix diagrams reveal that the activity and
stability of Mn7.5O10Br3 arise from the formation of a MnOx

passivation layer on the surface under reaction conditions
(Fig. 2(a)). Compared to Mn7.5O10Br3, Mn8O10Cl3 requires a
higher operational potential, resulting in a greater thermody-
namic driving force to decompose. This explains why Mn–O–Br
materials possess superior stability over Mn–O–Cl materials
(Fig. 2(b)). The developed microkinetic volcano model predicts
that the Mn–O–Br material exhibits the highest OER activity as
a function of GO � GHO (Fig. 2(c)). This study reveals that the
surface-active phase of Mn7.5O10Br3 enhances both stability and
OER activity.

Baeumer et al.54 demonstrated how electrochemically driven
surface transformations influence the identification of surface-
active phases and structure–activity relationships in (001)-
terminated LaNiO3 (LNO) epitaxial thin films, aiding the
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development of targeted OER electrocatalysts. The study
showed that the Ni termination of the as-prepared state was
more active than the La termination, with an overpotential
difference of B150 mV. The surface Pourbaix diagram of the
bulk LNO–Ni, as shown in Fig. 2(d), indicated that as the
voltage increased, the LNO–Ni surface transitioned from
reduced to more oxidized coverages. Under OER-relevant
biases, the Ni-terminated surface was predominantly covered
by 1 ML H* on singly coordinated O1C sites and 1/2 ML H* on
doubly coordinated O2C sites. Notably, a voltage exceeding 2 V
is required to achieve 1 ML O�top (LNO–Ni–S6). Based on surface

state results, the authors assessed the theoretical OER activity
of LNO with various terminations, as illustrated in Fig. 2(e).
Using the stable S4 coverages for both LNO–Ni and LNO–La, it
was determined that the HO* - O* transition is the potential-
limiting step on both surfaces. Specifically, on LNO–Ni, the
thermodynamic overpotential for the OER was Z = 1.13 V at O1C

and 0.90 V at O2C, while on LNO–La, there was only O2C with

0.84 V. Although LNO–La was slightly more active than LNO–Ni,
both perovskite-type LaO and NiO bulk LNO(001) exhibited
unfavourable O* intermediates, driving the metal sites into
unfavourable Ni4+ and La3.5+ oxidation states, which contribute
to the high overpotentials. Shortly, LNO(001) terminations
under OER conditions tend to be highly covered by HO* and
achieve O* at higher overpotentials. Theoretical OER overpo-
tential volcano mapping (Fig. 2(f)) shows that bulk LNO(001)
terminations, including LNO–Ni–S4 and LNO–La–S4, exhibit
weak O* adsorption. However, transitioning to NiO2|LNO–La
from the as-prepared LNO–Ni surfaces significantly reduces the
overpotentials. The layered NiO2 overlayers, with their triple-
coordinated O3C sites, stabilize O* and HO*, resulting in a shift
to a lower and more centered position in the 2D volcano
diagram. Finally, it is concluded that electrochemically driven
Ni oxyhydroxide-like surfaces enhance electrochemical activity,
with surface state analysis confirming the stability of the NiO2/
LNO–La surface under OER conditions. Moreover, Haase et al.56

Fig. 2 (a) Calculated Mn–O–Br Pourbaix diagrams with an ion concentration of 10�4 M at 298.15 K (note: the Mn ion concentration is based on the
ICP-OES result, and the Lake blue colour indicates the stability of Mn7.5O10Br3); (b) calculated Pourbaix decomposition free-energy (DGpbx) of
Mn7.5O10Br3 and the projection of DGpbx onto the potential axis suggests the stable species at corresponding potential regions; (c) the OER activity
volcano diagram at 10 mA cm�2 as the function of GO� GHO.76 (d) Surface Pourbaix diagram of LNO–Ni (labels from S1 to S6 designate surface coverages
from more reduced to more oxidized, VO o H o OH o O, VO is an oxygen vacancy); (e) calculated OER free-energy diagrams for LNO–Ni–S4 at the top
site (orange) and at the bridge site (blue), and for LNO–La–S4 at the bridge site (green), are compared with an ideal catalyst (dashed line) at no bias; (f) 2D
OER activity volcano map of overpotentials as the function of DGO � DGOH and DGOH.54 (g) Schematic diagram of the Fe interaction with cubic Co3O4

nanoparticles during the OER.56

Feature Article ChemComm

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

8.
01

.2
02

6 
07

:5
9:

34
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc03875d


14350 |  Chem. Commun., 2024, 60, 14346–14359 This journal is © The Royal Society of Chemistry 2024

uncovered the link between surface-active structures and the
enhancement of Fe decoration over Co3O4 nano-catalysts. By
leveraging various operando spectroscopic techniques, the
authors demonstrated that Fe decoration enhanced catalytic
activity and facilitated the formation of a near-surface-active
state, as shown in Fig. 2(g). Fe decoration led to observable
near-surface structural transformations in the Co3O4 coherence
length, indicating the formation of a Co–Fe (oxyhydr)oxide.
Furthermore, in the presence of Fe decoration, the extent of
Co–O near-surface oxidation was less pronounced. Incorporat-
ing Fe into a near-surface Co–Fe (oxyhydr)oxide increased the
active site density, resulting in enhanced apparent OER activity.
The authors also discovered that the Fe ions in the Co3�xFexO4

near-surface experienced a redox transition and accumulated
oxidative charges during the OER. Following the OER, Fe
incorporation into Fe-decorated Co3O4 nano-catalysts led to
the formation of Co3�xFexO4 with metal defects in the spinel
near-surface. This work illustrated how in situ methods can
elucidate surface state evolution and its impact on electrocata-
lysis, revealing direct links between surface-active structures
and electrochemical activity.

ORR electrocatalysis

Fuel cell technology has the promise of transforming energy
infrastructures and significantly lowering carbon emissions,
paving the way for a more sustainable and environmentally
responsible energy future.11,77–83 Nonetheless, the structure–
activity relationships become more complex due to the adsorp-
tion of reaction intermediates on the altered active sites under
electrochemical conditions, resulting in discrepancies between
theoretically predicted potentials/activities and experimental
outcomes. Although fuel cell technology has come a long way,
its reliance on Pt-based materials remains a major barrier to
large-scale commercialization.84–87 At present, the ORR faces a
bottleneck due to the high overpotential at cathodic electrodes,
which in turn reduces the overall energy efficiency of fuel cell
systems. Consequently, the development of cost-effective,
stable, and efficient alternatives to Pt-group materials is a
critical objective. In 2022, Kelly et al.88 incorporated field effects
into the computational hydrogen electrode model to explain
ORR activity trends over Pt(111), Au(111), and Au(100). They
found minimal electric field influence on Pt(111), where *OH
removal limits the 4e� ORR, but a significant field dependence
on Au(111) and Au(100), where *OOH formation is rate-
limiting. These findings aligned with experimentally observed
pH dependencies and highlighted the potential of considering
electric field effects to identify more effective ORR catalysts.

Transition metal oxides (TMOs) face intrinsic limitations in
the ORR due to the slow O–O bond-breaking step caused by
the large dipole moment of the *O intermediate.77 However,
Yuan et al.89 demonstrated that low-cost, versatile zirconium
nitride (ZrN) catalysts exhibit superior 4e� ORR performance,
even surpassing Pt in alkaline conditions. Despite ZrN’s super-
ior ORR activity, its precise mechanism and performance origin
remained unclear. To address this, Liu et al.36 employed surface
state analysis, electric field effect simulations, and pH-dependent

microkinetic modelling to investigate the underlying causes.
To explore the origin of ORR performance, the surface Pourbaix
diagram for ZrN(100) was calculated (Fig. 3(a)). Under alkaline
ORR conditions (pH = 13) and 0.8 VRHE, ZrN(100) is predicted to
be covered by 1 ML HO*. The 2D Pourbaix diagram (Fig. 3(b))
further indicates that this HO* coverage persists across a broad
pH range, with the HO*-covered surface shown in Fig. 3(c).
Next, the electric field effects on ORR intermediates were
examined for both pristine and 1 ML HO*-covered ZrN(100)
surfaces (Fig. 3(d) and (e)). It was found that the intrinsic dipole
moment (m) and polarizability (a) of O* are significantly
reduced on the 1 ML HO*-covered ZrN(100) surface (Fig. 3(e)).
The dipole properties of O* are crucial for ORR activity; an ideal
catalyst should exhibit minimal dipole moment and polariz-
ability. A larger dipole moment for O* leads to weaker O*
bonding, which hinders O–O bond activation and slows the
ORR.77 The pH-dependent volcano activity model (Fig. 3(f))
demonstrates that the 1 ML HO*-covered ZrN(100) exhibits
exceptional ORR activity, aligning with experimental observa-
tions. The analysis result indicates the importance of determin-
ing surface states beforehand. Furthermore, the surface
transformation under electrochemical conditions was extended
to the Fe3N, TiN, and HfN in that these three transition metal
nitrides had proven to be active in the ORR/OER. Their corres-
ponding 2D surface Pourbaix diagrams are displayed in
Fig. 3(g)–(i). All three surfaces underwent electrochemical oxi-
dation under relevant conditions, with their atomic surface
structures depicted in Fig. 3(j). These transformed surface-
active phases are responsible for the activity in alkaline media,
which is consistent with the experimental results.

NRR electrocatalysis

The nitrogen reduction reaction (NRR) under ambient condi-
tions is viewed as a promising alternative to the industrial
Haber–Bosch process, enabling the conversion of inert N2 into
valuable NH3.90–94 A major challenge of the NRR lies in the
scarcity of highly efficient catalysts for facilitating N2 fixation
and subsequent hydrogenation. Currently, a wide range of
electrocatalysts have been investigated to enhance N2 adsorption
and activation, including transition metal-based materials,20,95

p-block-element-based materials,96–101 single-atom materials,102–108

dual-atom materials,109–114 and cluster metal catalysts.115,116

However, due to the lack of in-depth understanding of surface
states, the authentic origin of the electrochemical NRR activity
remains obscure. We have suggested that the surface states of
dual-atom catalysts usually deviated from the pristine surface
under electrocatalytic conditions,37 and that dual-atom catalysts
may be covered by some species at the NRR window.114 Surface-
induced modifications by adsorbed species can reshape the
geometric configurations and alter the electronic structures of
active sites, leading to variations in reaction mechanisms.

MBenes, as analogs of MXenes, have drawn extensive atten-
tion in electrocatalysis. Their surface stability under electro-
chemical conditions poses a significant challenge, as they are
prone to oxidation. Varying surface terminations can markedly
affect surface properties and reaction activity. Using Zr2B2 and
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Hf2B2 as examples, Gao et al.117 examined their surface states
under typical NRR conditions, revealing that both MBenes
become fully terminated by oxygen groups. Additionally, as
the pH of the electrolyte increases, a more negative USHE

potential is required to prevent the oxidation of the bare
Zr2B2 and Hf2B2 surfaces. Furthermore, various single-atom
metals were doped into the oxidized surfaces containing
Zr(Hf) vacancies. Among these, h-Zr2B2O2–Cr exhibited the
highest NRR activity, with the *NH2 - *NH3 transition identi-
fied as the potential-determining step, characterized by a maxi-
mum DG of 0.10 eV. However, this study overlooks the surface
states of the newly formed doped surfaces, adding uncertainty
to the performance of these electrocatalysts under actual reac-
tion conditions.

Recently, our group explored the underlying mechanisms
behind the exceptional performance of less-precious FeS2 cata-
lysts for the NRR, uncovering the widespread occurrence of
in situ sulfur vacancy formation in transition metal disulfides
(TMS2) during electrochemical processes.39 First, according to a

summary of typical TMS2 NRR catalysts reported in the litera-
ture (Fig. 4(a)), it can be seen that these TMS2 preferentially
achieve the highest FE or experience a rapid FE growth at a
relatively low potential (i.e., �0.4 VRHE). To gain deeper insights
into the enhanced NRR performance and guide the design of
modified TMS2 materials, our group selected the FeS2(111)
surface—a frequently reported facet known for its higher
thermodynamic stability—as a model system to interpret the
experimental observations in NRR studies. Fig. 4(b) indicates
that the FeS2 surface decorated with a single S vacancy is the
most stable configuration within the NRR-favored potential
range (e.g., B0.5 VRHE), suggesting that the S-vacancy can be
generated in situ on the catalytic surface under these condi-
tions. The formation of S vacancies alters the coordination
environment of surface-active sites, leading to distinct NRR
catalytic behaviours. Consequently, the entire NRR process on
both pristine and single S-vacancy decorated FeS2 surfaces has
been modelled, as illustrated in Fig. 4(c). It is seen that the
S-vacancy has the excellent ability to adsorb N2, but the release

Fig. 3 (a) Calculated 1D surface Pourbaix diagram as a function of applied potential (USHE) (T = 298.15 K, pH = 13); (b) calculated 2D surface Pourbaix
diagram as a function of USHE and pH (T = 298.15 K); (c) optimized ZrN(100) surface structures before and after the coverage of *OH under the ORR;
electric field effects on ORR intermediates with fitted parameters for (d) pristine and (e) 1 ML HO*-covered ZrN(100); (f) derived pH-dependent volcano
activity model for the ORR as a function of HO* adsorption; calculated 2D surface Pourbaix diagrams as a function of USHE and pH (T = 298.15 K) for
(g) Fe3N(111), (h) TiN(100), and (i) HfN(100), respectively; (j) corresponding atomic structure evolutions under ORR conditions.36
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of the second NH3 molecule is significantly endothermic (DG =
1.73 eV). The Fe near the S-vacancy site can also activate N2

and catalyze the NRR as an active site with the *N2 - *NNH
step as the potential-determining step (DG = 1.02 eV). Com-
pared with the stoichiometric pristine FeS2(111), the in situ
generation of an S-vacancy largely boosts the NRR activity and
is stable for continuous NH3 production. In addition to the
FeS2(111) studied, other TMS2 materials, including MoS2(100),
NiS2(210), VS2(001), SnS2(111), and VS2(011), were also investi-
gated for the surface state analysis (Fig. 4(d)). As shown, the
in situ formation of S vacancies on TMS2 surfaces is energeti-
cally favourable under NRR conditions. Moreover, Fig. 4(e)
demonstrates the operating potentials of reported TMS2-
based materials at their highest NRR FEs, which are all located
in our predicted potential windows of the S-vacancy generation.
Thus, the in situ generation of S vacancies is responsible for the
observed NRR performance of TMS2 catalysts.

CO2RR electrocatalysis

The depletion of fossil fuels has intensified global climate
change by driving atmospheric CO2 levels to unprecedented
heights, while their non-renewable nature further underscores
the urgent need for a sustainable energy supply to support
human development. The electrochemical CO2 reduction reac-
tion (CO2RR) is regarded as an environmentally sustainable
and promising strategy to both mitigate excessive CO2 emis-
sions and convert CO2 into value-added chemical feedstocks,
particularly when integrated with renewable energy sources.118–124

However, the development of CO2RR electrocatalysts with tuneable

activity and selectivity is hindered by the unclear structure–activity
relationship that characterizes the CO2RR process. For example,
(i) why can the SnO2-based electrocatalysts deliver a high faradaic
efficiency of HCOOH rather than CO,125–132 and/or what surface
species are accountable for the C1 product distribution?133–139

(ii) Why does C–C coupling over dual-atom catalysts underperform
in CO2RR experiments, despite conventional beliefs that dual-atom
sites should preferentially facilitate the formation of multi-carbon
products?140–144 These critical challenges drive the need for analyz-
ing surface-active phases under relevant conditions or employing
in situ surface-sensitive characterization techniques, which can
reveal the true origins of the experimental observations.

To understand the CO2RR over SnO2, as one of the Sn-based
materials, we proposed a standard research paradigm to
uncover the surface-active species and explore their corres-
ponding CO2RR performance.44 The proposed practice has
aided in identifying the resting surface states of SnO2 under
the conditions of the CO2RR, corroborated by experimental
results, and building the structure–activity relationships for
HCOOH and CO production. Firstly, we summarized the cur-
rent origin of the CO2RR over SnO2-based materials for the
CO2RR to HCOOH (Fig. 5(a)), including the (i) interfacial effect
of grain boundaries, (ii) the existing oxygen vacancy, and
(iii) the multivalent Sn. However, the resting/more realistic
surface states of SnO2 electrocatalysts are unclear, which is
closely linked to the electrochemical performance. Therefore,
the surface states of SnO2(110) and (100), commonly exposed
surfaces, were analyzed by the surface Pourbaix diagrams as
shown in Fig. 5(b). According to the electrochemical conditions

Fig. 4 (a) A summary of the NRR faradaic efficiencies (FEs) of TMS2 under varying applied potentials; (b) 1D surface Pourbaix diagrams of FeS2(111) with
the consideration of SV, O*, H*, and HO* groups; (c) Gibbs free energy evolutions of the NRR over FeS2(111) and FeS2�x(111)-1SV surfaces, including the
alternating and distal pathways; (d) 1D surface Pourbaix diagrams of different TMS2 surfaces; (e) 2D surface Pourbaix diagram of the SV formation as a
function of pH and potential, and the reported experimental operating potentials at the highest NH3 FEs are displayed in the diagram.39
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where the highest faradaic efficiency was achieved, it was found
that there would be lots of oxygen vacancies O�V

� �
over

SnO2(110) and (100) with the coverage of 1 ML O�V. The high
density of O�V then would induce the surface reconstruction to
form a new surface-active phase (from u-SnO2�x to s-SnO2�x).
In Fig. 5(c), the selectivity analysis suggests that the electro-
chemically induced O�V could change the adsorption free ener-
gies of both H* and OCHO* (DGH* vs. DGOCHO*), but still favour
the HCOOH formation. Fig. 5(d) displays the HCOOH activity
volcano mapping, where s-SnO2�x(110) is the closest to the
volcano peak with the highest activity, indicating that the
reconstructed surface-active phase, induced by O�V, enhances
the CO2RR to HCOOH, while pristine SnO2 (p-SnO2) possess the
lowest HCOOH activity. Furthermore, the CO2RR experiments

were performed to validate the theoretically uncovered surface
species and reaction mechanisms. Fig. 5(e)–(f) display the high-
resolution transmission electron microscope (HRTEM) images
of the as-synthesized SnO2 catalysts before and after the
CO2RR, evidently indicating that metallic Sn was formed due
to the generation of an O-vacancy. In situ Raman (Fig. 5(g)) and
attenuated total reflectance-surface enhanced infrared absorp-
tion spectroscopy (ATR-SEIRAS) spectra (Fig. 5(h)) directly
suggested that the as-synthesized SnO2 catalysts were reduced
and the important *OCHO intermediate was generated during
the CO2RR, respectively. Finally, a standard research paradigm
was proposed by us to uncover the structure–activity relation-
ships in electrocatalysis as shown in Fig. 5(i). To conclude, the
study not only uncovers the surface-active species of SnO2 but

Fig. 5 (a) Proposed origin of active CO2RR over SnO2 into HCOOH, including the interface effects brought by the grain boundaries of (i) nanosized
SnO2, (ii) the existing defects (e.g., O vacancies), and (iii) the multivalent Sn (e.g., Sn/SnO/SnO2 heterostructures); (b) calculated 2D surface Pourbaix
diagrams of SnO2(110) and (100) with different stable surface states labelled under relevant pH and USHE; (c) HCOOH selectivity analysis with the
comparison of DG*H and DG*OCHO; (d) the HCOOH activity volcano model for SnO2 with different surface states; HRTEM images of the (e) as-synthesized
SnO2 and (f) ‘‘SnO2-after’’ samples, and further the energy dispersive spectroscopy (EDS) elemental mapping of Sn and O after the CO2RR; collected
in situ (g) Raman and (h) ATR-SEIRAS spectra during the CO2RR on SnO2 with a time slot of 5 min; (i) the standard research roadmap to uncover the
structure–activity relationships in electrocatalysis.44
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also provides a standard research paradigm for other electro-
catalytic systems. The analysis of surface states and surface
reconstructions is indispensable, especially in electrocatalysis.

Electrocatalytic C–C coupling represents a crucial advance-
ment in achieving the synthesis of value-added multi-carbon
products during the CO2RR.145 However, the dual-atom electro-
catalysts, commonly considered as effective electrocatalytic
materials for C–C coupling with two active sites for *CO(*CHO)
intermediates, hardly catalyzed CO2 into multi-carbon products
(see Fig. 6(a)). To study the reason for this unconventional
phenomenon, we analyzed the CO2RR mechanisms over typical
homonuclear (Fe/Fe–N6–C and Ni/Ni–N6–C) and heteronuclear
(Fe/Ni–N6–C) dual-atom catalysts initialized by surface state
analysis.48 Fig. 6(b)–(d) illustrate their surface Pourbaix dia-
grams, where it can be seen that all the dual-atom catalysts
studied would be covered by pre-adsorbed CO* over the bridge
site under CO2RR conditions, in contrast to the unoccupied
dual-atom sites. Fig. 6(e) displays the surface states of Fe/Ni–
N6–C at different URHE. Notably, at potentials where URHE is
below �0.06 V, pre-adsorbed *CO can form in either single- or
double-sided configurations. These pre-adsorbed *CO species
not only alter the electronic structures of the dual-atom active
sites but also modify the underlying CO2RR mechanisms, as
demonstrated in Fig. 6(f) and (g), in which the pre-adsorbed
CO* in the single-side favoured the CO production and hin-
dered the C–C coupling in both thermodynamics and kinetics

and the double-side occupation could lead to the HCOOH
formation. As a result of *CO pre-adsorption-induced poison-
ing, the formation of multi-carbon products is unfavorable on
these dual-atom catalysts. Our study reveals why C–C coupling
remains difficult although the precise dual-atom sites are
designed. Meanwhile, the work also indicates that regulating
the adsorption strength of CO* on bridge sites may be an
effective way to improve the performance of CO2RR over dual-
atom catalysts.

CO2 + N2 electrocatalysis for urea

Urea (CO(NH2)2), as the first organic compound derived from
inorganic raw materials, is an extremely important material in
the chemical industry, and is widely used as N2 fertilizer due to
its high nitrogen content (46%). Current industrial urea pro-
duction relies on extreme reaction conditions, with ammonia
predominantly derived from the Haber–Bosch process, which
contributes significantly to the energy crisis and exacerbates
climate change. Electrochemical urea synthesis via CO2 and N2

coupling under ambient conditions offers a sustainable and
highly efficient approach to urea production.146–148 However,
the large-scale deployment of this reaction is limited by the lack
of effective electrocatalysts and complex reaction mechanisms.
Zhu et al.26 theoretically investigated the catalytic activity of
experimentally available metal borides (MBenes), i.e., Mo2B2,
Ti2B2, and Cr2B2, and analyzed their surface structures/states

Fig. 6 (a) Comparison of the faradaic efficiency of CO (FECO) for various experimentally-reported dual-atom catalysts, where the FECO data as a function
of URHE were obtained from their corresponding literatures; calculated 1D surface Pourbaix diagrams of (b) Fe/Fe–N6–C, (c) Fe/Ni–N6–C, and
(d) Ni/Ni–N6–C dual-atom catalysts, respectively, where the solid and dashed lines represent single- and double-side adsorption; (e) the surface states of
Fe/Ni–N6–C at various potential windows, where inserts indicate the atomic configurations; Gibbs free-energy evolutions of the CO2RR over Fe/Ni–N6–
C with pre-covered *CO at (f) single- and (g) double-sides, respectively.48
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and activity origin for the simultaneous electrocatalytic cou-
pling of N2 and CO2 to produce urea (Fig. 7). These MBenes
catalysts possess metal terminations (Fig. 7(a)), which can act
as active sites for the activation of *N2 and *CO2. The urea
synthesis mechanism is demonstrated in Fig. 7(b), including
the key coupling step of *CO + *N2 - *NCON. As an optimal
catalyst candidate, the catalytic surface with the necessary
active sites must remain stable and resist coverage by *O/*OH
species under operating conditions. Therefore, the surface
Pourbaix diagrams of the three MBenes were constructed
(Fig. 7(c)–(e)), which revealed that 2D Mo2B2 and Cr2B2 possess
high electrochemical stability against the surface oxidation,
while the 2D Ti2B2 would be occupied by *O/*OH species under
working conditions. Although all three MBenes can effectively
activate N2 and CO2 on their basal surface, the *CO intermedi-
ate can be easily formed through the *CO2 - *CO process, and
the limiting potentials of urea electro-synthesis, comparable to
that of Pd–Cu alloys, are in the appropriate range of �0.49 to
�0.65 V, the Ti2B2 catalyst is not an optimal candidate for urea
production because the active basal plane will be covered by
*O/*OH groups. Therefore, this work strongly reaffirms that
surface states under operating conditions must be carefully
considered when designing active and selective catalysts. The
interaction between the designed surface and the electrolyte

medium can lead to the formation of new, complex phases,
resulting in unanticipated structure–activity relationships that
may deviate from initial expectations.

HER electrocatalysis

Developing efficient catalysts for the hydrogen evolution reaction
(HER) is significant for a sustainable hydrogen economy.149–152

MXenes (transition metal carbides, carbonitrides, and nitrides), an
important family of two-dimensional (2D) materials, have drawn
tremendous attention for HER electrocatalysis due to the large
surface area, hydrophilic nature, fast electron transport, and diverse
chemical compositions.150–154 Usually, MXenes are synthesized by
etching the A elements in their bulk MAX phases, which leads to
the inevitable coverage by O, OH, and/or F atoms.155–162 Addition-
ally, our report has suggested that the pH and potentials of interest
can induce different surface-covered species, and even vacancies
and H-covered surfaces at a low potential window.40 The coverage
of different species/newly-formed active sites can significantly
impact the surface properties of MXenes and HER performance.
Therefore, Gao et al.151 systematically studied the HER activity of
MXenes with the termination of O/OH groups. The surface Pour-
baix diagrams indicated that Ti2C, V2C, and Ti3C2 would be
terminated by 0.5 ML O* and 0.5 ML HO* groups, while Nb2C
and Nb4C3 would be fully terminated by O* groups under the

Fig. 7 (a) The top and side views of three MBenes with the red dashed lines of a unit cell (pink: boron atoms; blue: metal atoms); (b) the schematic
diagram of the reaction mechanism of urea production through the *CO and *N2 coupling (the gray, red, pink, and blue balls represent C, O, N, and H
atoms, respectively); the surface Pourbaix diagrams of (c) Mo2B2, (d) Ti2B2, and (e) Cr2B2 with the SHE and pH as variables and the red dashed line
represents the limiting potential of urea electro-synthesis; the thermodynamically stable surface states are highlighted by orange (*O), green (*O + *OH),
and purple (*OH).26
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reaction potential window, as shown in Fig. 8(a). Then, the hydro-
gen adsorption free energy (DGH*) at varying coverages over O*-
terminated MXenes was calculated, as shown in Fig. 8(b). Ideally,
the DGH* should be close to 0 for a catalyst with high HER
performance. In Fig. 8(b), it is found that the average DGH* over
the *O-termination of Ti2C for y ranging from 1/8 to 4/8 is close to
0, indicating that Ti2CO2 could offer the optimal binding strength
for H* species over a wide range of hydrogen coverages. Therefore,
Ti2CO2 is anticipated to exhibit the highest HER activity among
the O*-terminated MXenes studied. The research highlights
that O*-termination modulates H adsorption strength, influencing
reaction kinetics in the HER.

In catalyst design and electrocatalysis mechanism analysis,
the impact of electrochemically induced surface coverage is a
crucial factor. The surface Pourbaix diagram is a key tool,
offering critical insights into adsorbate coverage from electro-
chemical potential-driven water activation. However, the classic
standard hydrogen electrode (SHE)-dependent surface Pourbaix
diagrams are sometimes inconsistent with the experimentally
observed surface coverages. This is because some critical
factors, illustrated in Fig. 8(c), need to be considered to mini-
mize the discrepancy between theoretical predictions and
experimental observations. Within this context, very recently,
our group revisited the surface Pourbaix diagram of Pt(111)
based on the reversible hydrogen electrode (RHE)-scale by
considering the energetics computed by DFT with the Bayesian
Error Estimation Functional with van der Waals corrections
(BEEF-vdW), the electric field effects, the derived adsorption-
induced dipole moment and polarizability, and the potential of
zero-charge. As shown in Fig. 8(d), the RHE-dependent surface
Pourbaix diagram effectively reduces discrepancies between the
theoretical prediction and experimental results for Pt(111),163

particularly under neutral–alkaline, moderate-potential condi-
tions. To be specific, under alkaline HER conditions at slightly

negative potentials on the RHE scale, the Pt(111) surface is
primarily covered by HO* rather than being pristine or
H*-covered, which can be helpful to illustrate the alkaline
HER mechanism and design optimum catalysts for accelerated
HER rate.

Summary and outlook

In electrocatalysis, surface states of electrocatalysts are complex
and often change with the reaction conditions, consequently
delivering distinct experimental observations. Thus, effective
electrocatalyst design and structure–activity relationship under-
standing must prioritize surface state analysis, as exemplified
in the above-mentioned OER/ORR, NRR, CO2RR, CO2 + N2

electrocatalysis, and HER. As for the surface state analysis,
the surface Pourbaix diagram can be analyzed based on the SHE
and/or RHE scale. Sometimes, calculating the pH-dependent sur-
face Pourbaix diagram at the RHE scale can minimize the
discrepancy between theoretical predictions and experimental
observations, particularly under high-pH conditions. In short,
the effect of electrochemically-induced surface states should not
be overlooked when designing catalysts and identifying electro-
catalysis mechanisms.

Additionally, in situ characterization techniques would exert
positive effects on the understanding of surface structures,
because the application of in situ characterization techniques
can provide real-time insights into the evolution of surface
states under operational conditions. For example, Chen et al.,55

using operando NAP-XPS, demonstrated that nickel gadolinium-
doped ceria cermet electrodes undergo partial reduction, forming
a core–shell structure with metallic nickel in the shell and NiO
beneath. This structure improved i–V polarization curves. Thus,
beyond theoretical DFT frameworks, advanced in situ techniques

Fig. 8 (a) Calculated surface Pourbaix diagrams of Ti2C, V2C, Nb2C, Ti3C2, and Nb4C3; (b) free-energy evolutions of the HER at different H* coverages
(y = 1/8, 2/8, 3/8, and 4/8) occurring on Ti2CO2, V2CO2, Nb2CO2, Ti3C2O2, and Nb4C3O2 under standard conditions.151 (c) Schematic illustration of the
RHE scale-dependent method; (d) calculated classic SHE-dependent and RHE-dependent surface Pourbaix diagrams for Pt(111).50
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have significant potential for revealing surface states, bridging the
gap between electrocatalysis performance and catalyst surface
structures.

Given the importance of surface structures, developing pre-
cise and efficient methods for calculating surface Pourbaix
diagrams is highly desirable. Currently, surface Pourbaix
diagram analysis is prohibitively expensive for real-scale
systems.164 To address challenges in large catalytic systems, a
bond-type embedded crystal graph convolutional neural net-
work (BECGCNN) model was recently developed.165 With the
aid of the BECGCNN model, Bang et al.165 constructed reliable
Pourbaix diagrams for large-size nanoparticles (approximately
4.8 nm in diameter, up to 6525 atoms). Additionally, Han
et al.166 proposed a Bayesian evolutionary multitasking frame-
work to accelerate the understanding of surface phase dia-
grams. The integration of Bayesian statistics with evolutionary
multitasking enables the efficient generation of surface phase
diagrams for complex systems.

Finally, surface state analysis of catalysts has been instru-
mental in revealing the stability of catalytic materials, greatly
aiding in the design of dissolution- and oxidation-resistant
catalysts. For example, Li et al.167 discovered that adding Ag
atoms to the Pd nanoparticle surface can inhibit surface Pd
oxidation and dissolution through surface Pourbaix diagrams.
Therefore, surface state analysis under reaction conditions is
essential not only for the understanding of the structure–
activity relationships, but also for designing optimal catalysts
for industrial applications.
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