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CONSPECTUS: With the increasing concerns about the energy and
environmental crisis, hydrogen, with the high energy density and cleanliness,
has been widely regarded as one ideal energy carrier for adjusting the fossil
fuel dependent energy system. In this context, extensive studies are focused on
improving the efficiency of the sustainable hydrogen production, storage, and
utilization coupled with the renewable energy. And it can be realized in
electrolysis cells and fuel cell devices. Several electrochemical reactions are
involved, such as water splitting (hydrogen/oxygen evolution: HER/OER) for
hydrogen production, electroreduction of nitrogen/nitrate, and carbon dioxide
to NH3 and HCOOH (NRR, NO3RR, CO2RR) for hydrogen storage, and
oxygen reduction reaction (ORR) for hydrogen utilization. However, the
achieved efficiency of the hydrogen energy conversion is still unsatisfactory
due to these intrinsically sluggish electrochemical reactions, which has
spawned a revival of research interests in developing the electrocatalysts with high activity, selectivity, and durability. Therefore,
various strategies have been established to construct effective electrocatalysts, such as coordination or architecture structure
regulation, which will determine the intrinsic activity and the efficiency of mass transport, respectively. Besides, combined with the
progress of characterization techniques and theoretical studies, insightful understanding of the electrocatalytic sites and reaction
mechanism are also investigated, guiding the rational design of future electrocatalysts.
In this Account, we summarize our recent efforts in exploring electrocatalysts through the regulation of coordination and
construction of porous architecture structures toward the highly efficient electrochemical hydrogen energy conversion. First, an
overview of the hydrogen energy conversion process is presented to reveal the advantages and challenges of these reactions. Then,
we introduced effective strategies to optimize the coordination and architecture structure to enhance the catalytic performance, such
as tailoring the particle size, valence state, and crystal plane, defect engineering, substrate incorporation, structural reconstruction,
etc. Additionally, it is also illustrated the insightful mechanism study on the improvement of the catalytic performance via the
experimental characterization and theoretical calculations. Finally, a brief outlook is proposed to address the challenges to be
overcome for improving the hydrogen conversion efficiency through developing rational catalysts.

1. INTRODUCTION
Hydrogen (H2) energy has been widely researched and
explored due to its cleanliness and zero carbon emissions
with the growing global concern over environmental issues.
Another advantage of H2 energy is its high energy density (120
MJ/kg), which is much higher than that of traditional fuels
such as gasoline (46 MJ/kg) and coal (20−30 MJ/kg).1−3 Due
to these advantages, H2 energy can be widely applied as one of
the most prominent clean energy carriers in the fields of
transportation, electricity, industry, etc. However, the
production, storage, and utilization of H2 still face technical
and economic challenges.

Traditional H2 production is extracted from natural gas,
which demands large amounts of energy, complex equipment,
and thus high costs. Electrochemical water splitting, which
undergoes through the cathodic hydrogen evolution reaction
(HER) and anodic oxygen evolution reaction (OER), has been

reported as a promising alternative for H2 production.4

Whereas the sluggish reaction dynamics induce the large
overpotential and high energy consumption, and thus restrict
the wide practical application. For H2 energy conversion, the
storage of H2 is also very important, which faces great
challenges including the refractory to liquefaction and high
demands on the tank materials, as well as unsafety problems
during transportation. Therefore, extensive endeavors are
contributed to exploring the suitable hydrogen storage
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materials, such as formic acid (HCOOH) and ammonia
(NH3), which both possess the considerable hydrogen storage
capacity (4.4 and 17.6 wt %). Recently, the electrochemical
methods driven by the renewable electricity under ambient
conditions are widely investigated for synthesizing HCOOH
and NH3, such as electrochemical carbon dioxide (CO2),
nitrogen (N2), and nitrate (NO3

−) reduction. However, the
selectivity and yield rate for HCOOH and NH3 production are
unsatisfactory owing to the rapid competitive side reaction and
the sluggish target reaction. Regarding the utilization of H2,
fuel cell represents one appealing choice for the conversion of
H2 energy into electrical energy. Fast oxygen reduction
reaction (ORR) can efficiently optimize the energy conversion
output. Thus, boosting the electrocatalytic reactions can
effectively enable the sustainable development of H2
production, storage, and utilization.

Over these decades, considerable progress in the develop-
ment of highly active catalysts has been achieved.5 It was found
that the modulation of coordination structure will alter the
distribution of electron density and affect the interaction of
absorbents on the active site.6,7 Generally, the intrinsic activity
of electrocatalysts is largely influenced by their coordination
structure, while the mass transport capacity can be tailored by
the porous architecture, which synergistically determines the
overall catalytic performance. The three-dimensional (3D)
structure can facilitate the transfer of H2, O2, N2, and NO3

−

species. The integrated electrode not only accelerates the
charge transfer but also improves the stability. Therefore,
through the regulation of coordination and architecture
structure, these developed catalytic systems can efficiently
promote the electrochemical reactions for hydrogen energy
conversion.

In this Account, we aim to summarize our efforts in the
regulation of the coordination and architecture structure of the
catalysts for the rapid hydrogen energy conversion process,
including production (water splitting: HER and OER), storage
(NH3 and HCOOH synthesis), and utilization (fuel cell:
ORR). Typical strategies that are proposed to improve the
activity of catalysts, and how these strategies adjust the
electronic and morphological structure are also illustrated.
Finally, we present aspects in the study of catalysts that are

deficient and propose an outlook toward the high-efficiency
hydrogen energy conversion.

2. PRODUCTION OF HYDROGEN: WATER SPLITTING

2.1. Fundament for Water Splitting
Electrochemical water splitting undergoes via cathodic HER
(Acidic electrolyte: 4H+ + 4e− → 2H2, Alkaline electrolyte:
4H2O + 4e− → 2H2 + 4OH− Eθ = 0 V vs RHE) and anodic
OER (Acidic electrolyte: 2H2O → O2 + 4H+ + 4e−, Alkaline
electrolyte: 4OH− → O2 + 2H2O + 4e− Eθ = 1.23 V vs RHE).
Due to the slow reaction kinetics, efficient catalysts are
urgently needed to enhance the efficiency of H2 production.8

For HER, a two-electron transfer process occurs with the
Volmer−Heyrovsky or the Volmer−Tafel mechanism.9 And
the performance of the catalysts is largely relevant to the
hydrogen adsorption free energy (ΔGH). Too strong hydrogen
adsorption may block the active sites and lead to the failure of
H2 release, while too weak hydrogen adsorption may be unable
to form H2 gas.10 Pt-based electrocatalysts exhibit great
potential due to the moderate ΔGH which approaches zero,
whereas the low reserves and high costs seriously restrict the
scale application. For OER, adsorbate evolving mechanism
(AEM) and the lattice oxygen mechanism (LOM) pathways
are proposed. In comparison with AEM, catalysts working via
LOM show better activity but poor stability.11 Besides, OER is
involved in a complex process along with multi-intermediates,
such as O*, OH*, and OOH*, which results in sluggish
kinetics and large overpotential.12 Noble metal oxides,
especially iridium oxide (IrO2) and ruthenium oxide (RuO2),
have demonstrated promising activity but are also limited by
their high price.13,14 Therefore, intensive research is focused on
non-noble metal catalysts with low cost and high activity.

Generally, principles for constructing the highly efficient
catalysts toward electrochemical water splitting mainly focus
on the enhancement of intrinsic catalytic activity, the number
of active sites, the efficiency of electron and mass transfer, and
stability. The intrinsic activity can be regulated by the
composition and the electronic structure, which influence the
adsorption energy and determine the energy barrier of the key
steps. Besides, downsizing the catalysts and enlarging the
surface area are usual strategies for increasing the number of
active sites. For improving the overall energy efficiency, the 3D
porous integrated electrode is widely developed as it can
accelerate the transfer of electrons, H+, OH−, and H2O, and
promote the desorption of H2, O2, as well as stabilize the
integrated active species. To evaluate the HER and OER
catalysts, several parameters are crucial, such as the over-
potential (η) at a certain current density, the Tafel slope,
stability, and faradaic efficiency (FE), which are separately
associated with the catalytic activity, kinetics, stability, and
selectivity.15 Therefore, several effective strategies are dis-
cussed with reference to these key principles.
2.2. Catalysts for HER
Carbon-based materials that possess tunable molecular
structures and strong tolerance to acidic/alkaline environments
have been widely studied as HER electrocatalysts. And their
catalytic performance of HER is associated with the electronic/
chemical properties, which can be modified by the architecture
of catalysts, such as the reduction in size and introduction of
highly conductive substrates, etc. For example, Qiao et al.
proposed that the combination of graphitic-carbon nitride (g-
C3N4) on nitrogen-doped graphene (NG) substrate can realize

Scheme 1. Illustration of Hydrogen Energy Conversion
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excellent HER activity with a low overpotential of 240 mV at
10 mA cm−2 due to the synergistic effect in the promotion of
proton adsorption and reaction kinetics.16 Differently, we
improved the HER performance by downsizing the carbon
nitrides into the g-C3N4 quantum dots (CNQDs) with rich
exposed active sites and supporting them on graphene
(CNQDs@G) for sufficient electron transfer.17 CNQDs are
active sites that can redistribute the charge density in the
interlayer, and reduce the Gibbs free energy of the
intermediate state (ΔGH*) of 0.1 eV toward fast kinetics,
which is close to that of the state-of-the-art Pt catalyst (0.09
eV, Figure 1a, b). As a result, CNQDs@G displays low
overpotential (110 mV) at 10 mA cm−2, which is even
comparable to many metallic catalysts (Figure 1c). This work
emphasizes the importance of quantization and substrate in the
synergistic optimization of electronic structure and creation of
abundant active sites, withdrawing efficient material design
strategy.

In addition, the doping of transition metal atoms and
heteroatoms (N, P, S) can also adjust the coordination
structure and modulate the electronic state of catalysts as well,
then affecting the adsorption of key intermediates.18,19 Guo et
al. demonstrated that the doping of N can create electron-rich
environment, and lower the C−H bond energy to stabilize the
H* on the surface of catalyst, thereby enhancing the HER

activity of N doped carbon electrocatalysts.20 Besides, metal−
nitrogen−carbon (M−N−C) catalysts with low usage of metal
atoms have exhibited high catalytic activity.21 Considering the
advantages of high active Co sites and the porous free-standing
electrode, a three-dimensional (3D) porous Co−C−N
electrode (PANICo) is constructed via four steps: electro-
deposition, ions adsorption, carbonization, and acid wash
treatment (Figure 1d).22 X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS), density functional theory (DFT) studies reveal the
3C1N hybrid coordination structure with Co−C and Co−N
bonds possess a high density of state over the Fermi level and
thereby enable the enhanced electron transfer capacity.
Additionally, this structure demonstrated a moderate adsorp-
tion free energy for H (ΔGH*), which is much better than that
of Co-4C and Co-4N (Figure 1e). As a result, this PANICo
catalyst shows good HER performance with low overpotential
(212 mV at 100 mA cm−2) (Figure 1f). Besides the
coordination structure, building the 3D integrated structure
also works for the enhancement of HER owing to the fast mass
and charge transfer. For instance, the integrated 3D carbon
paper/carbon tubes/cobalt-sulfide sheets (CP/CTs/Co−S)
fabricated by the template-assisted method via well-aligned
ZnO nanowires provided a continuous pathway for the rapid

Figure 1. (a) Interfacial electron transfer in CNQDs@G. (d) Schematic structure of CNQDs@G. (c) Free energy diagrams for HER at the
equilibrium potentials of CNQDs@G. Reproduced with permission from ref 17. Copyright 2018 American Chemical Society. XANES (d) and
EXAFS (e) spectra of Co−C−N. (f) Calculated free-energy diagram of HER at the equilibrium potential of Co−C−N. Reproduced with
permission from ref 22. Copyright 2015 American Chemical Society. (g−h) The morphology of 3D CP/CTs/Co−S. (i) Illustration of the gas
release and electron transport of CP/CTs/Co−S. Reproduced with permission from ref 23. Copyright 2016 American Chemical Society.
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electron transport and the gas bubbles release (Figure 1g−i),
and exhibited a Tafel slope of 131 mV dec−1.23

2.3. Catalysts for OER

Despite the optimization of size, composition, and crystal
structure of the active composites of the OER electrocatalysts,
the interaction between the active components and the
substrate would also affect the catalytic activity.24 We found
that porous metal−nitrogen−carbon (FeNC, CoNC) nano-
sheets could serve as the appropriate substrate to load active
NiO with even dispersion (Figure 2a).25 The constructed
porous NC architecture endows large surface area for rich
active sites and simultaneously facilitates mass diffusion. More
importantly, the FeNC support can modulate the electronic
structure of NiO, as can be seen from the X-ray photoelectron
spectroscopy (XPS) data that the binding energies of NiO/
FeNC shift positively in comparison with NiO/NC and NiO/
CoNC. FeNC sheets possess stronger electron coupling effect
(Figure 2b). The electron donation from NiO to FeNC sheets
increases the acidity of Ni active sites, which can enhance the
interaction between OH− and NiO NPs according to the Lewis
acid−base concept and thus improve the OER activity.
Impressively, NiO/FeNC exhibits a low OER onset potential

of 1.47 V vs RHE, low overpotential of 0.39 V at 10 mA cm−2,
and small Tafel slope of 76 mV/dec (Figure 2c). Compared to
the two-dimensional (2D) porous structure, 3D porous
architecture is more conducive to improving the electro-
chemical surface area for exposing more active sites. Ni foam is
an ideal candidate owing to its 3D porous structure and high
electron conductivity.26 A 3D Ni foam/porous carbon/
anodized Ni (NF/PC/AN) was constructed via the calcination
of Ni foam/ZIF-8 followed by acid etching and electro-
chemical anodization treatment to promote the OER process,
wherein porous carbon is derived from ZIF-8 (Figure 2d).27

After the anodization, the active component of γ-NiOOH is
generated on 3D NF/PC/AN electrode (Figure 2e). Differ-
ently, the Ni foam shows NiO and Ni(OH)2 species after
anodization, which is easily dehydrated to deactivation without
the protective carbon layer. Therefore, this strategy not only
enhances the activity but also increases the stability of OER
electrocatalysts (Figure 2f).

Besides Ni foam, stainless steel (SS) also displays enormous
potential for 3D integrated OER electrode because of the good
electron conductivity and the existence of rich active elements
(Fe, Ni, and Mn).28 A hierarchical cross-linked Ni(Fe)

Figure 2. (a) TEM image of FeNC sheets/NiO. (b) High resolution of Ni 2p3/2 XPS spectra of NiO NPs supported on different substrates. (c)
Cyclic voltammetry (CV) curves of OER for different catalysts. Reproduced with permission from ref 25. Copyright 2015 Wiley-VCH. (d) SEM
image of the 3D NF/PC/AN electrode. (e) Scheme of 3D NF/PC/AN electrode for OER. (f) CV curves of 3D NF/PC/AN and Ni foam
electrode. Reproduced with permission from ref 27. Copyright 2013 Wiley-VCH. (g) SEM image of EORC-activated rusty SS plate, and its
corresponding photograph (inset). (h) OER polarization curves of SS plate and corroded stainless steel plate without (SP, SPN) or with (SP50,
SPN50) EORC. (i) OER polarization curves of rusty battery case (RBC) before and after EORC. Reproduced with permission from ref 30.
Copyright 2016 Wiley-VCH.
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hydroxide nanosheet arrays on SS (SSNNi) were prepared via
the simple hydrothermal treatment. This electrode exhibits low
OER overpotential and long-term durability, and the Tafel
slope of SSNNi is 36 mV dec−1 even smaller than that of RuO2
(62 mV dec−1) and Ir/C (120 mV dec−1).29 Furthermore,
inspired by the rust and corrosion of iron in our daily life, we
propose a strategy to synthesize a desirable SS OER electrode
through in situ activating ubiquitous rust SS with the
combination of corrosion treatment in the presence of
ammonium solution and electrochemical oxidation−reduction
cycle (EORC) (Figure 2g).30 And higher content of Fe/
(Ni)OOH is harvested by the EORC-activated rusty SS
compared with the single-processing approach of EORC-
activated or hydrothermal treatment and pure SS electrode. As
a result, the overpotential of EORC-activated rusty SS reaches
0.26 V, which is even lower than commercial RuO2 (0.32 V).
Impressively, the slight decrease in OER activity upon long-
term operation can be recovered through another EORC
process (Figure 2h). Importantly, other types of SS can also be
activated as effective OER electrodes by this hydrothermal
corrosion and EORC (Figure 2i). This effective strategy for
constructing robust OER electrode opens new avenues for the
recycling of rusty SS, which is of great importance for industrial
applications.

3. STORAGE OF HYDROGEN: SYNTHESIS OF FORMIC
ACID AND AMMONIA

With the increasing CO2 emission, the climate problem is
becoming more serious, so the conversion of CO2 to value-
added chemicals has attracted great research interest. Electro-
chemical CO2 reduction into HCOOH is one available choice
due to the fast two-electron transfer reaction rate compared to
other more complex reductions and the important value of
HCOOH as hydrogen storage liquid. However, the activity and

selectivity of the current electrocatalyst is far behind the
application. We found that adjusting the formation and
desorption of key intermediates of HCOO*/COOH*, CO2*
is a crucial principle for the optimization of catalysts.

Except for HCOOH, NH3, containing 17.6 wt % hydrogen
storage, which is synthesized through NRR or NO3RR,
demonstrates more tremendous potential in the field of
hydrogen storage. Similarly, the electrocatalysts for NH3
synthesis also encounter unsatisfactory performance due to
the inertness and the low solubility of N2 and slow reaction
kinetics. Additionally, the synthesis of HCOOH and NH3 both
face poor selectivity of low FE due to the competing HER.
Therefore, highly efficient catalysts are needed to accelerate
the reaction kinetics and suppress the competing HER toward
high activity and selectivity.
3.1. Catalysts for HCOOH Synthesis

In terms of the efficient electrocatalysts for the electrochemical
CO2 reduction for the formate or formic synthesis, large FE for
the selectivity, high partial current density of formate, high
energy conversion efficiency, and stability are required.5

Thanks to the advance in the in situ characterizations, it was
verified that many electrocatalysts will undergo a dynamic
reconstruction during the catalytic reaction process. The
reconstruction strategy was subsequently developed for the
electrocatalyst fabrication by controlling the structure and
composition. Huang et al. proposed that the selectivity of
CO2RR can be tailored by changing the synthetic temperature
of the copper (Cu) catalyst, which altered the exposed crystal
face.31 In addition, the precursor is important to affect the
composition and architecture of the electrocatalyst after
electrochemical reconstruction of Cu-based metal−organic
frameworks (MOFs). Here, we constructed three types of Cu
tetrazolate based MOFs for electrochemical CO2RR.32 There-
into, Cu-5H (the ligand was 5H-tetrazole) exhibited the best

Figure 3. (a) SEM image of Bi-NSS. (b) Partial current densities for HCOOH production at different potentials. (c) Cathodic energy efficiency of
Bi based catalysts at different potentials. Reproduced with permission from ref 34. Copyright 2020 Wiley-VCH. (d) SEM image of BUNS/NCF
after electrochemical reduction. (e) Partial current densities of BNUS/NCF for HCOOH production at different densities. (f) Gibbs free energy of
the rate-determining step for the polycrystalline Bi toward various reduction reactions. Reproduced with permission from ref 35. Copyright 2020
Wiley-VCH.
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CO2RR performance with HCOOH FE of 91% at −0.8 V vs
RHE which can be explained by the larger surface area and
higher content metallic Cu species. Besides, bismuth (Bi)
based catalysts such as BiOBr, Bi2O3, etc., would be
transformed into metallic Bi during electrochemical CO2
reduction, which was the active component.33 Ultrathin
BiOBr nanosheets (Bi-NSS) with large surface area and low
coordination steps were developed to facilitate the CO2RR
process, which exhibited an enhanced current density of 15.1
mA cm−2 with the highest FE of 98.4% under CO2 atmosphere
compared with the nanospheres (Bi-SS) and nanoflowers (Bi-
FS) counterparts (Figure 3a, b).34 Owing to the high FEs of
Bi-NSS, the highest energy efficiency of ∼60% at −1.1 V vs
RHE is also gained in comparison with its counterparts (Figure
3c). Furthermore, through constructing 3D integrated
electrode architecture for exposing more active sites and
facilitating mass transfer, the in situ generated Bi based
electrocatalytic electrode derived from the Bi2O3 ultrathin
nanosheets/N-doped carbon foam (BNUS/NCF) demonstra-
ted further improved catalytic activity and stability.35 Mean-
while, the ultrathin Bi nanosheets contain numerous low-
coordinated steps and edges, which would expose more
interior atoms during reconstruction (Figure 3d). As a result,

this catalyst displayed an enhanced HCOOH partial current
density of 24.4 mA cm−2 at −1.1 V vs RHE (Figure 3e) and
exhibited a maximal energy efficiency of 60.3% at −1.0 V vs
RHE. DFT calculation demonstrates that Bi (110) possesses
lower energy barrier of forming both HCOO* and COOH*
during HCOOH synthesis in comparison with Bi (104) and Bi
(012) (Figure 3f).
3.2. Catalysts for NH3 Synthesis

Metal catalysts with unsaturated coordination states have
witnessed a great progress in various catalysis. For example,
theoretical reports have demonstrated that the stepped facets
of the noble metal are the favorable active sites.36,37 In 2017,
we proposed and demonstrated that high-index facets of Au
nanorods (NRs) (Figure 4a), which were prepared through a
seeded growth method, can realize NH3 synthesis from
electrocatalytic N2 reduction reaction in aqueous electrolyte
under ambient conditions, along with the average NH3 yield
rate of 1.648 μg h−1 cm−2 and 0.102 μg h−1 cm−2 of N2H4·H2O
(Figure 4b).38 The Au NRs are enclosed by (210) and (310)
subfacets and contain unsaturated coordination, which
exhibited a lower activation energy for NRR of 13.704 kJ
mol−1, than that of Haber−Bosch process (335 kJ mol−1)

Figure 4. (a) Spherical aberration-corrected transmission electron microscope image of the Au NR. (b) Yield rate of NH3, N2H4·H2O, and FEs at
each given potential. (c) Free energy diagram and alternating pathway for NRR. Reproduced with permission from ref 38. Copyright 2016 Wiley-
VCH. (d) Illustration of the preparation of Plasma R−O-Bi. (e) HRTEM image of Plasma R−O-Bi catalysts. (f) Bi LIII-edge XANES spectra of
different catalysts. (g). FEs of different catalysts. (h) 1H nuclear magnetic resonance (NMR) spectra of the electrolyte under different conditions.
(i) Free energy diagram of ideal Bi (110) and defective Bi (110). Reproduced with permission from ref 40. Copyright 2019 Wiley-VCH.
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without catalysts. Combined theoretical calculations and
experimental results, a possible NRR process is proposed
(Figure 4c): (I) N2 first adsorbed on the Au facets due to the
unsaturated coordination; (II) the activated H combined with
N2 to form stable N−H to break the stable N�N bond; (III)
the NH3 was generated by adding H atoms one-by-one.

Defect engineering is another effective strategy to optimize
the coordination state of the catalysts, which is relevant to the

adsorption energy of the reactants and intermediates on active
sites.39 In our group, defect-rich bismuth nanoplate (Plasma
R−O−Bi) was constructed by low temperature plasma
treatment with Bi2O3 and applied as NRR electrocatalyst
(Figure 4d, e).40

We found that the numerous lattice-isolated Bi vacancy
defect shows lower Bi−Bi bond coordination number than the
ideal Bi (Figure 4f) upon XANES analysis. Compared with the

Figure 5. (a) Illustration of the construction of model Cu/Cu2O catalysts. (b) FEs of NH3 and NO2
− under 0.1 M phosphate buffer (PB) and 0.1

M KNO3 electrolyte over Cu/Cu2O catalysts. (c) The ratio of FEs for NH3 and NO2
− and the cathodic power conversion efficiency. (d) Gibbs free

energy of different samples for NH3 and NO2
− synthesis. Reproduced with permission from ref 43. Copyright 2023 American Chemical Society.

(e) Chemical structure of CuTCNQ. (f) XRD pattern of Cu@CuTCNQ obtained by electrochemical reconstruction. (g) HRTEM image of Cu@
CuTCNQ and the orange dashed boxes are Cu vacancy defects. (h) LSV curves of Cu@CuTCNQ and CuTCNQ with or without NO3

−. (i) Gibbs
free energy diagram of eNO3RR over Cu and VCu−Cu. Reproduced with permission from ref 44. Copyright 2023 Elsevier.
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chemical reduction Bi catalyst (Chemical R−O−Bi), Plasma
R−O−Bi exhibited a high catalytic performance for electro-
chemical N2 reduction reaction to ammonia with 15NH3 yield
rate of 5.453 μg mgBi−1 h−1 and 11.68% FE under ambient
conditions (Figure 4g, h). Such defective Bi is more favorable
for the adsorption and activation of N2 to form key
intermediate of N2H*, and the activation energy of the
defective Bi facet is lower than that of ideal Bi, indicating more
favorable reaction kinetics (Figure 4i).

Compared with NRR, NO3RR possesses faster reaction
kinetics due to the lower dissociation energy of N�O bond
whereas the undesirable side products of NO2

− and H2 species
will decrease the FE of NH3 synthesis. Cu based catalysts have
been widely reported to exhibit great potential for NO3RR due
to its suitable adsorption of intermediates and suppression of

HER.41,42 However, the real catalytic structure and its
correlation with the activity and selectivity remain unclear
due to the easy oxidation of Cu and probing limitations.
Consequently, a Cu/Cu2O model catalyst was fabricated
through electrochemical prereduction of Cu2O particles to
investigate the effect of the chemical state on the product
selectivity (Figure 5a).43 In situ Raman and ex situ XRD
disclosed the transformation of metallic Cu from Cu/Cu2O
under the potential negative than −0.6 V vs RHE. It was
proposed that metallic Cu site with low energy barrier is in
favor of generating NH3, while Cu/Cu2O interface tends to the
formation of NO2

− (Figure 5b−d). Finally, this oxide-derived
Cu0 (OD-Cu-c) achieves a high NH3 FE of 93.9% and NH3
yield rate of 219.8 μmol h−1 cm−2 along with the highest power
conversion efficiency of 23.8% at −0.9 V vs RHE. Guided by

Figure 6. (a) SEM image of GNPCSs-800. (b) High-resolution N 1s spectra of different catalysts. (c) Electron transfer numbers of different
catalysts based on RRDE data. Reproduced with permission from ref 47. Copyright 2014 Wiley-VCH. (d) LSV curves of different catalysts under
O2-saturated 0.1 M KOH electrolyte. (e) Relative content of D1, D2, and D3 in IG-C and IGA-C. (f) Proposed structure model of IAG-C. Adapted
with permission under a Creative Commons (open access) license from ref 50. Copyright 2015 Zhongli Wang et al. (g) Scheme of in situ
construction of Fe-NMCSs. Reproduced with permission from ref 54. Copyright 2016 Wiley-VCH. (h) Scheme of in situ construction of Co9S8/
NSPC. Adapted with permission under a Creative Commons (open access) license from ref 55. Copyright 2016 Haixia Zhong et al. (i) LSV curves
of ORR under O2-saturated 0.1 M KOH. Reproduced with permission from ref 54. Copyright 2016 Wiley-VCH. (j) ORR polarization curves. (k)
Electron transfer numbers of different catalysts. Reproduced with permission from ref 56. Copyright 2017 Wiley-VCH.
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this conclusion, we also fabricated the copper and copper-
tetracyanoquinodimethane composite catalyst (Cu@
CuTCNQ) with abundant Cu vacancy by the electrochemical
reconstruction of CuTCNQ MOF toward enhancing NO3RR
(Figure 5e−h).44 The results show that Cu@CuTCNQ
enhances the adsorption of NO3

−, decreases the reaction
barrier, and inhibits the HER, thereby improving the NO3RR
performance (Figure 5i).

4. UTILIZATION OF HYDROGEN: FUEL CELL
Fuel cell, exhibiting high energy density, high conversion
efficiency, and nonpollution, is a promising pathway for H2
energy utilization. While the oxygen reduction reaction (ORR)
is generally considered as the bottleneck of fuel cells because of
its sluggish kinetics. Usually, ORR proceeds within two
pathways of two-electron (O2 + 2H+ + 2e− → H2O2) and
four-electron (O2 + 4H+ + 4e− → 2H2O) process. And four
proton−electron ORR process to form water is desirable for
high-efficiency fuel cells.10 Pt and its alloys were regarded as
the best ORR catalysts, whereas high cost and reserve scarcity
hindered their large-scale application.45 Therefore, highly
efficient and selective low-cost catalysts need to be developed
to promote ORR.

Carbon-based materials have shown great potential owing to
their large surface area and modifiable surface. The N doping
into carbon materials can induce charge redistribution of C

sites to improve the ORR activity, wherein the C sites close to
the resulting pyridinic-N and graphitic-N are commonly
recognized as the active species.46 In terms of the important
role of C and N components and the 2D catalytic structure in
promoting the catalytic performance, we developed sandwich-
like N doped porous carbon on graphene sheets as the ORR
electrocatalyst (Figure 6a, b).47 The combination of zeolitic
imidazolate framework (ZIF-8) and graphene oxide (GO)
contributes to achieving porous architecture, considerable
nitrogen content, and good conductivity. Besides, the change
of carbonization temperature tailors the content and type of
doped N, in which the sample obtained at 800 °C (GNPCSs-
800) realized the optimum activity with an electron transfer
number of 3.98, close to the value of Pt/C (4.0) (Figure 6c).

NC exhibits great advantages for ORR due to the large
surface area, high mass transportation, and efficient utilization
of active catalytic sites. Moreover, the anchoring of transition
metals on NC to form M−N (e.g., Fe−N, Co−N) sites can
further improve the ORR activity, wherein the coordination
configuration of metal is important.48,49 Unfortunately, the
agglomeration and inhomogeneity of metal dispersion is still
challenging. To alleviate this issue, a novel strategy based on
the sol−gel chemistry of gelatin biomolecule and iron nitrate
was developed.50 And the obtained Fe−N−C catalysts exhibit
outstanding performance in both alkaline and acidic electro-
lytes with nearly four-electron transfer (Figure 6d). By means

Figure 7. (a, b) Photograph of in situ Raman instrument for NO3RR. (c, d) Raman spectra of OD-Cu-c under NO3RR at −0.6 V and −0.9 V vs
RHE. Reproduced with permission from ref 43. Copyright 2023 American Chemical Society. (e) Photograph of in situ XAS setup for CO2RR. (f)
Operando Zn K-edge XANES spectra. (g) In situ Cu K-edge XANES spectra. Adapted with permission under a Creative Commons (open access)
license from ref 58. Copyright 2020 Haixia Zhong et al. (h) In situ Ni K-edge Ni2NC at different potentials; BE and ABE represent bulk electrolysis
and after bulk electrolysis, respectively. (i) The first derivative of XANES. (j) In situ XANES spectra (solid lines) and corresponding theoretical
spectra (dotted lines) at different applied potentials. (k) Ex situ XANES spectrum and theoretical spectrum for Ni2NC. Reproduced with
permission from ref 60. Copyright 2022 Nature Spring.
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of 57Fe Mössbauer spectroscopy, the high activity might be
related to the high content of D1+D3 sites (Figure 6e, f). After
that, further research demonstrated that D3 site showed higher
intrinsically activity but with less stability, while D1 site
exhibited better stability along with inferior activity.51,52

Therefore, catalysts with high density of D1 site would be
more attractive. Additionally, we implemented homogeneous
Fe dispersion on N-containing polymer through a novel iron-
chelated urea-formaldehyde resin (UFR) hydrogel method.53

This electrocatalyst showed positive onset potential of 1.02 V
vs RHE and an electron transfer number of ∼4.

Furthermore, in situ coupling of metal and NC materials
approach is developed to guarantee high electron conductivity,
avoid metal detachment from the substrate, and provide more
active sites for ORR (Figure 6g, h).54,55 For example, Fe−N-
doped mesoporous carbon microspheres (Fe-NMCSs) that are
constructed via in situ replication and polymerization
strategy,54 provides large surface and favorable mass transfer.
The high content of pyridinic-N, quaternary-N, and the
existence of iron ions synergistically promote the intrinsic ORR
activity along with low H2O2 selectivity (Figure 6i). Besides,
transition metals other than Fe, such as Co, Ni, etc., also
displayed great potential as ORR electrocatalysts.55−57 For
instance, in situ coupling FeNi and FeCo particles with
nitrogen-doped porous carbon (FeNi/NPC, FeCo/NPC)
expressed the electron transfer number of 3.83 and 3.8 with
HO2

− yield less than 10% toward ORR.56 Surprisingly, these
catalysts can also realize highly efficient water splitting of OER
and HER. Furthermore, in situ anchoring Co9S8 on N and S
codoped porous carbon tube (Co9S8/NSPC) largely promoted
the ORR performance with more positive half-wave potential
and high durability with electron transfer number of 3.94
(Figure 6j, k).55

5. ADVANCES IN CATALYTIC MECHANISM STUDIES
Advances in characterization techniques and theoretical
calculations offered more opportunities for insightful studies
on the real catalytic sites and catalytic mechanisms, which is of
great importance to guide the rational catalyst design. For
example, in situ/operando characterizations (e.g., in situ XAS,
in situ Raman/FT-IR) were applied to obtain more
information about the chemical state and coordination
structure of catalysts, as well as the adsorption of intermediates
during the catalytic reaction process. Recently, we demon-
strated that the selective NO3RR for NH3 synthesis is related
to the chemical state of Cu-based catalysts using the in situ
Raman analysis and DFT calculations. By combining with the
in situ characterizations and theoretical calculations (Figure
7a−d), the catalytic pathway was also identified.43 In situ
Raman and in situ attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) demonstrated
that the true catalytic site is metallic phase Cu0 for the
promotion of NH3 selectivity from NO3

−. Note that, following
this result, we constructed the defect-rich Cu@CuTCNQ and
achieved high catalytic performance for NO3RR to NH3 with a
high FE of 96.4% and yield rate of 144.8 μmol h−1 cm−2 at
−0.6 V vs RHE in alkaline electrolyte.44

Besides, in situ XAS has been applied to explore the fine
structure of catalytic materials during the electrochemical
conversion process and provide key information for investigat-
ing the relationship between structure and catalytic perform-
ance. Zhong et al. verified the stable valence state of Zn (II)
and Cu (II) by means of in situ XANES during the CO2RR

process over their PcCu-O8−Zn/CNT catalyst (Figure 7e−g).
Combined with in situ EXAFS, they claimed that the catalytic
centers are stable ZnO4 and CuN4 sites without the formation
of metals or metal clusters.58 Similarly, during electrochemical
NRR process, in situ XANES analysis displayed the
compression of Fe−N coordination bond and demonstrated
that this is due to the interaction between the adsorbed
intermediates and Fe sites over FePc-pz catalysts, proposing
that the real catalytic sites were Fe−N4.

59 Except for the
chemical state and coordination structure, the real micro-
environment of the catalysts also influences the catalytic
performance. In our Ni dual-atom catalyst (DACs) system,60

through using the in situ XAS, we found that hydroxide ions
will be spontaneously adsorbed on Ni dual-atom sites upon
applying the potential, which is considerably different from the
Ni2NC powder samples (Figure 7h−j), and thus affect the
microenvironment around the Ni active sites. Combined with
theoretical calculations, it was concluded that the adsorption of
hydroxyl (OHad) on Ni active sites during the CO2RR process
(Figure 7k) could result in the electron-rich microenvironment
of Ni sites and reduce the energy barrier of the rate-
determining step toward a fast reaction kinetics. Thus,
experimental and theoretical results synergistically demon-
strated that the rapid CO2RR kinetics for Ni DACs derived
from the contribution to the *COOH formation and *CO
desorption.

6. CONCLUSIONS AND OUTLOOK
In conclusion, we outline our efforts in the development of
efficient electrocatalysts by regulation of coordination and
architecture structure and the studies on the mechanism of
performance optimization to address the main challenges of
hydrogen energy conversion. Although progress on the
improvement of hydrogen energy conversion efficiency has
been made through constructing effective electrocatalysts over
these years, problems in exploring highly effective electro-
catalysts still remain, and more effective technologies and a
deeper fundamental understanding should be input into this
field.

The enhancement mechanisms on catalytic process are still
unclear, and the causes of the performance degradation are
lack of in-depth analysis. Despite the progress on monitoring
the change of the catalytic structure under the operating
condition, the investigation on real catalytic environment is
still insufficient due to the limitation of the characterization
strategy. Especially, the solvent effect should be taken more
into account, such as the coordination structure of water on
the active sites, the ion effects of K+, OH− in electrolyte, etc.,
which will affect the microenvironment of the catalytic sites.
On the other hand, the discrepancy between the well-designed
system for the catalyst performance assessment and its real
working conditions in the fuel cell and electrolytic tank should
not be neglected. Importantly, more attentions on the in-depth
analysis of the performance degradation under the operation of
the device through the advanced in situ/ex-situ character-
ization techniques are needed, which is crucial for the
commercial applications.

The synthetic technique on the highly active and economic
catalysts needs to be promoted. Theoretical studies have
predicted the highly active coordination structure for the
electrocatalytic reaction. However, it is full of challenges, such
as how to boot the rational design of the catalyst effectively,
precisely control the construction of these designed catalyst,
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and efficiently explore the synthesis approaches for the large-
scale preparation of materials. In terms of these issues, the
application of artificial intelligence (AI) and machine learning
(ML) technologies would be one appealing choice to facilitate
the development of low-cost catalysts. Besides, the simplifica-
tion of synthesis process is also important for the commercial
applications. In the future application of H2 energy, three-
dimensional porous integrated electrode, which have oriented
porous architecture, large number of highly active sites and
structural stability against the corrosion by the electrolyte and
the applied potential, will exhibit potentially commercial
applications possess due to the high activity, the faster
electron/mass transfer capability, and better stability. Then a
rational membrane electrode assembly (MEA) reactor with
low loading of effective and low-cost catalyst and optimized
architecture is highly needed for the high-efficiency H2
application.

Meanwhile, the application of H2 energy will inevitably
depend on renewable energy such as solar and wind energy,
thus the breakthroughs of sustainable energy technologies are
also crucial for realizing zero carbon emission. The storage and
transportation of H2 still face great challenges, then the
development of NH3−H2 pathway shows enormous potential
on application prospects. Apart from the H2 storage media,
NH3 is expected to be an as H2 energy carrier if the synthetic
system can be well developed because NH3 can overcome the
limitation of production, transportation, and storage of H2.
Therefore, the investigation of efficient catalysts, suitable
technologies, and integrated systems for the production,
transportation, and storage of H2 and NH3 is of great
importance for the future H2 economy.
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