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Abstract
Ammonia (NH3) is an important chemical feedstock and a clean energy carrier that has a pivotal impact on the 
sustainable energy circle. Its electrocatalytic production is evolving into a green alternative to the traditional Haber-
Bosch process. A key strategy in enhancing the performance of this electrocatalytic ammonia synthesis is crystal 
facet engineering of electrocatalysts, which could significantly influence the reaction mechanism, kinetics, and 
thermodynamics. This review summarizes the recent advancements in crystal facet engineering for electrocatalytic 
nitrate reduction to ammonia. Through this review, we hope to shed light on the significant role of crystal facet 
engineering in advancing electrocatalytic ammonia production and provide useful guidance on the design of high-
performance electrocatalysts.

Keywords: Nitrate reduction reaction, crystal facet engineering, electrocatalysts

INTRODUCTION
Ammonia (NH3), as a key chemical in numerous industrial applications, has widespread usage as a primary 
raw material in manufacturing fertilizers[1], explosives, refrigerants, and pharmaceuticals. About 50% of the 
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nitrogen content in the human body comes from synthetic ammonia, indicating that ammonia is crucial to 
human beings and the global economy. Additionally, as a carbon-free energy carrier, ammonia possesses a 
high energy density of 3 kWh·kg-1. It serves as a viable option for direct liquid fuel utilization in electricity 
and power generation applications. This can be achieved by using direct ammonia fuel cells or catalytic 
ammonia combustion methods. Ammonia also can be used to store hydrogen with a high hydrogen 
capacity of 17.75 wt%[2]. Compared to hydrogen, it can be easily liquefied when compressed to 1 MPa at 
room temperature (298 K) or cooled to 240 K at ambient pressure (0.1 MPa), making it an ideal medium for 
the safe transportation and storage of hydrogen[3,4].

The global ammonia production is currently 170 million tonnes per year[5], mostly coming from the Haber 
Bosch process (N2 + H2 → NH3) that typically requires high temperatures (400-500 °C) and pressures (15-
35 MPa)[6-8]. Although this process has been widely adopted in the industry, it is highly energy-intensive and 
consumes about 1.8% of the global energy production annually. In addition, approximately 500 million tons 
of CO2 are emitted annually, considering that the hydrogen feedstock for the Haber Bosch process mainly 
comes from steam reforming of natural gas or coals[9]. Therefore, the development of “green ammonia” is 
crucial. Electrocatalytic nitrogen species reduction for ammonia production is considered a promising green 
ammonia production technology. In electrochemical reactions, electrons act as reducing agents, neither 
introducing any impurities nor adversely affecting the environment. Currently, many studies focus on 
electrocatalytic nitrogen reduction reaction (NRR)[10] [N2 + 6e- + 6H2O → 2NH3 + 6OH-, 0.09 V vs. reversed 
hydrogen electrode (RHE)], which drives the conversion of N2 to ammonia under ambient conditions. 
However, the ammonia Faraday efficiency and yield of NRR are generally low due to the difficulty in 
breaking the extremely stable N≡N bonds (941 kJ·mol-1) and the low solubility of N2 in aqueous 
electrolyte[11]. Instead, the electrocatalytic nitrate reduction reaction to ammonia (NtrRR) becomes a 
promising option since it is thermodynamically more feasible. The NtrRR has a positive theoretical 
electrode potential (NO3

- + 8e- + 6H2O → NH3 + 9OH-, 0.69 V vs. RHE) and, thus, can effectively avoid 
interference from competitive hydrogen evolution reaction (HER). In addition, breaking N=O bonds 
requires a much lower energy input (204 kJ·mol-1). Therefore, the Faraday efficiency and NH3 yield of 
NtrRR are much higher than those of NRR[12].

However, the large-scale application of NtrRR still faces many challenges, such as high overpotential and 
low Faraday efficiency and ammonia yield, which are mostly associated with efficiency of the 
electrocatalysts. Therefore, many strategies, such as nanostructuring[13], doping[7,14,15], and alloying[16-18], have 
been explored to enhance the performance of electrocatalysts. Among them, crystal facet engineering is 
regarded as a highly effective approach since the crystal facet represents the most fundamental element of a 
nanostructure. It directly determines the surface atomic arrangement and orientation and, therefore, the 
adsorption and activation of the reactants and intermediates, which essentially determine the catalytic 
activity. Indeed, crystal facet engineering has shown the efficacy of enhancing the electrocatalyst 
performance towards not only the NtrRR but also many other electrocatalytic reactions, including HER, 
NRR, oxygen reduction reaction (ORR), and oxygen evolution reaction (OER)[19-21]. It is well acknowledged 
that high-index facets generally possess higher catalytic activity; however, they are thermodynamically 
unstable and, thus, are difficult to synthesize through common methods. While low-index facets, on the 
other hand, are much easier to synthesize, they could still significantly influence both the activity and 
stability of the catalysts. Therefore, understanding the relationship between the crystal facets and NtrRR 
performance is essential for the rational design of high-performance electrocatalysts.

In this review, we summarize the recent advances in crystal facet engineering of electrocatalysts for the 
NtrRR, focusing on the effects of different facets on the reaction mechanism, kinetics, and thermodynamics. 
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We also discuss the challenges and opportunities in this research field and provide some perspectives for 
future development.

REACTION MECHANISM OF NTRRR
Electrocatalytic nitrate reduction reaction is a complex multi-electron and multi-proton transfer process, 
and the final product exists in the form of chemically stable N2 [Equation (1)] and/or NH3 [Equation (2)]:

Depending on the specific conditions and catalysts, the reaction can follow either an indirect or a direct 
pathway[22,23]. The indirect pathway only occurs under conditions of NO3

- concentration greater than 
1 mol·L-1 and low pH. In this scenario, NO3

- does not participate in electron transfer during the reduction 
process. The direct pathway, on the other hand, often proceeds at concentrations below 1 mol·L-1 and is the 
most widely reported mechanism in literature. In this pathway [Figure 1], nitrate reduction involves the 
adsorption of reactants and intermediates, followed by electron transfer. First, NO3

- is adsorbed on the 
catalyst surface and then reduced to *NO2

- through electron transfer [Equation (3)], which is typically 
considered as the rate-limiting step[22]. This is because *NO2

- has a high energy of the lowest unoccupied 
molecular π* orbital (LUMO π*), which makes it difficult for charges to be injected into this orbital[11]. Next, 
*NO2

- can rapidly react with protons on the electrode surface to produce *NO. A fraction of *NO is then 
reduced to NH3 [Equations (4) and (5)], while the rest is desorbed from the electrode surface to produce 
*NO. Some of the NO(aq) form weakly adsorbed NO dimers, which further react to generate N2O and 
ultimately convert to N2.

In addition, the adsorbed NO3 can also be reduced by the adsorbed *H that is generated by water 
dissociation through the Volmer process [Equation (6)][24]. The *H then participates in the reduction of 
intermediates (NO3

-, *NO2
-, and *NO) to *N [Equations (7)-(9)]. This process is known as *H-mediated 

reduction, distinguished from the electron-mediated reduction discussed earlier. The *H-mediated process 
would preferably form *NH3 as *H-mediated N–H bonds are easier to form than N–N bonds [Equations 
(10)-(12)]. *NH3 then desorbs from the electrode surface to produce NH3.

2NO3
- + 10e- + 6H2O → N2 + 12OH-    (1)

NO3
- + 8e- + 6H2O → NH3 + 9OH-    (2)

*NO3
- + 2e- + H2O → *NO2

- + 2OH-   (3)

*NO2
- + e- + H2O → *NO + 2OH-     (4)

*NO + 5e- + 4H2O→ NH3 + 5OH-     (5)

H2O + e- → *H + OH-   (6)

NO3
- + 2*H→ *NO2

- + H2O         

*NO2
- + *H→ *NO + OH-    (8)

*NO + 2*H→ *N + H2O (9)

         (7)
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Figure 1. Electrochemical NtrRR mediated by electron transfer and atomic hydrogen.

Resulting from the complex multi-electron coupled proton transfer process, NtrRR suffers from sluggish 
kinetics and low selectivity towards NH3. The NtrRR performance highly depends on the properties of 
electrocatalysts, which determine the adsorption and activation of reactants and intermediates. Tremendous 
efforts have, therefore, been devoted to exploring efficient and stable electrocatalysts to promote the 
reaction kinetics and selectivity. Crystal facet engineering has emerged as a successful approach to boost the 
performance of electrocatalysts in various electrochemical reactions, including the HER, NRR[25-27], and 
ORR[19,20]. This is because the crystal facets determine the atomic configurations and, thus, the interactions 
between the surface active sites and reaction intermediates, resulting in improved reaction energetics.

CRYSTAL FACETS AND REGULATION STRATEGIES
A crystal facet is a plane that passes through any three points of the spatial lattice of a crystal, and it is
denoted by the Miller index (hkl). Figure 2A shows a triangle diagram that illustrates the direct relationship
between the shapes of polyhedra and the corresponding facets in a cubic crystal system[28]. The vertices of
the triangle symbolize three common polyhedra enclosed by low-index facets: a cube with six (100) facets,
an octahedron with eight (111) facets, and a rhombic dodecahedron with twelve (110) facets. The
coordination numbers of the atoms on the outermost layer of the (111), (100), and (110) facets are 9, 8, and
7, respectively. The other crystal facets are referred to as high-index facets (h, k, l having at least one greater
than 1). The edges of the triangle [(001), (110), (011) crystal zones] and its interior represent different facets.

*N + *H→ *NH         

*NH + *H→ *NH2          (11)

*NH2 + *H→ *NH3        (12)

               (10)
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Figure 2. (A) Relationship between the shape of a crystal and its facets. Reproduced with permission[28]. Copyright 2010, American 
Chemical Society; (B) Surface atomic arrangement of Ag (100), (111), (110), (211) and Pt (311), (211) facets. Reproduced with 
permission[30,31]. Copyright 2015 and 2020, American Chemical Society; (C) Growth rates of specific facets determine the exposed 
surfaces.

These facets correspond to four types of high-index facet polyhedra: tetrahexahedron (THH), 
trapezohedron (TPH), trisoctahedron (TOH), and hexoctahedron (HOH). Each polyhedron is 
characterized by various small facets that are closely associated with its specific shape. For instance, the 
THH polyhedron consists of 24 (hkl) facets, where h, k, and l are integers and follow the condition h > k > l 
= 0. Similarly, the TPH polyhedron possesses 24 (hkl) facets with the condition h > k = l > 0. The TOH 
polyhedron has 24 (hkl) facets satisfying the condition h = k > l > 0, and the HOH polyhedron is composed 
of 48 (hkl) facets wherein h > k > l > 0[29]. Low-index facets, such as Ag (100), (111), (110) and Pt (111) facets, 
are flat surfaces at the atomic level, with densely packed surface atoms [Figure 2B]. While high-index facets, 
such as Ag (211), Pt (311) and (211), have rough surfaces with atomic steps. They often possess high surface 
energies and, thus, are more active for chemical reactions[30,31].
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Understanding the growth behavior is the prerequisite for regulating the crystal facets. The crystal shape is 
determined by the growth rates of its facets. According to the crystal growth law[32], facets with slower 
growth rates occupy a larger fraction of the crystal surface than those with faster growth rates. This is 
illustrated in Figure 2C, where the dihedral angles between facets M and N are constant throughout the 
growth process, as dictated by the law of conservation of crystal plane angles. If facet M grows slower than 
facet N, then facet N will gradually shrink or vanish as the crystal grows, leaving facet M as the dominant 
surface. Conversely, if facet M grows faster than facet N, then facet N will become the dominant surface. 
Therefore, regulating the growth rates of crystal facets is crucial for exposing specific surfaces.

High-index facets are highly reactive and challenging to stabilize due to their thermodynamic instability. 
The synthetic methods that have been developed encompass wet chemistry, electrochemistry, and solid-
state chemistry synthesis.

Currently, most high-index facet nanocrystals are synthesized using the wet chemistry method, which has 
the advantage of easy large-scale synthesis. Numerous studies have incorporated surfactants, polymers, 
capping agents, small molecules, ions, etc., into the synthesis process. These additives could adsorb onto 
specific crystal facets and slow the growth rate (adsorption-mediated route), enabling the synthesis of 
nanocrystals with various crystal facet exposures. For instance, Yang et al. synthesized cyclic penta-twinned 
Rh icosahedral nanocrystals using a one-pot hydrothermal method in the presence of a capping agent 
[Figure 3A][33]. They found that, in addition to varying the concentration or type of capping agent, the 
solvent could affect the adsorption capacity of the surfactant on the Rh crystal surface, leading to a change 
in surface free energy and, thus, permitting the formation of Rh cyclic penta-twinned nanostructures. 
Moreover, it is possible to regulate the growth kinetics (kinetically controlled route) by coordinating with 
reactant precursors to expose different crystal facets. According to crystal growth theory, nanocrystal 
growth involves the diffusion of precursors from the solution to the surface, the deposition of new atoms, 
and the migration of newly deposited atoms on the surface. Corners and edges have higher solution transfer 
rates due to their small radius of curvature. When the deposition rate exceeds the surface diffusion rate, the 
growth is kinetically controlled, and concave nanocrystals typically form due to overgrowth at the corners 
and edges. For example, Liang et al. synthesized Fe2O3 concave nanocubes with (1344) and (1238) crystal 
facets [Figure 3B][34]. In kinetically controlled synthesis, the reaction rate can be varied by the reductant and 
precursor concentration, the injection rate, the number of crystalline species, and the reaction temperature. 
The nanocrystal surface structure can also be regulated by adjusting the supersaturation degree; the higher 
the supersaturation degree of the growth unit, the higher the nanocrystal surface energy. The 
supersaturation degree can be controlled by the reduction rate; the faster the reduction rate, the greater the 
degree of supersaturation of the growth unit and the more open the surface of the resulting nanocrystals. 
Through this method, convex polyhedral nanocrystals, including Cu2O [Figure 3C][35] and others, can be 
obtained.

However, the morphology control agents (typically organic molecules) are challenging to remove during the 
wet chemistry synthesis process, often impeding the catalytic activity. Consequently, the synthesis of high-
index facet nanocrystals with clean surfaces primarily follows the electrochemical method. This technique, 
however, also has limitations in scaling up and in the universal preparation of nanocrystals. Electrochemical 
synthesis is predominantly based on the square-wave potential (SWP) method, which induces periodic 
oxygen adsorption and desorption. Over the past decade, various metal nanocrystals with different high-
index facets and compositions have been synthesized using electrochemical SWP methods. For example, Hu 
et al. prepared trapezohedral Pt nanocrystals surrounded by (311) high-index facets on a glassy carbon 
electrode using the electrochemical SWP method [TPH Pt-(311)][36]. The surface structures of the prepared 
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Figure 3. (A) Diagram of synthesizing Rh nanocrystals of different shapes in different solvents. Reproduced with permission[33]. 
Copyright 2018, Springer Nature; (B) Schematic diagram of the kinetically controlled overgrowth (when V2 is much larger than V1) of 
concave nanocubes evolved from pseudo-nanocubes. Reproduced with permission[34]. Copyright 2014, Royal Society of Chemistry; (C) 
SEM images of Cu2O polyhedra synthesized with different concentrations of NaOH. Reproduced with permission[35]. Copyright 2012, 
The Royal Society of Chemistry; (D) SEM images of Pt (311), (111) and (100). The inset presents size histogram and atomic model of the 
facet. Reproduced with permission[36]. Copyright 2023, OAE Publishing Inc; (E) Scheme for synthesizing THH particles. Reproduced with 
permission[37]. Copyright 2019, American Association for the Advancement of Science. SEM: Scanning electron microscopy; THH: 
tetrahexahedron.

Pt nanocrystals were investigated by cyclic voltammetry scanning. The oxygen adsorption currents in the 
oxygen species adsorption and desorption regions were significantly larger for TPH Pt-(311) than for Pt 
(111) and Pt (100) [Figure 3D]. This is primarily due to the preferential adsorption of oxygen atoms onto 
the step atoms with lower coordination numbers, suggesting that the TPH Pt-(311) surface has a higher 
density of step atoms.

Foreign metals can alter the surface energy of nanocrystals. Therefore, the deposition of foreign metals on 
metal nanocrystals by underpotential deposition (UPD) can obstruct specific crystal facets (UPD-mediated 
route), enabling the nanocrystal synthesis with different crystal facet exposures. Huang et al. prepared THH 
nanocrystals of Pt, Pd, Rh, Ni, Co, and bimetallic particles by solid-state chemistry, with sizes ranging from 
10 to 500 nm [Figure 3E][37]. The solid metal precursors were heated in a tube furnace, where the 
nanoparticle growth was influenced by an atmosphere containing foreign metals (Sb, Bi, Pb, and Te). In this 
process, an alloy is initially formed and then de-alloyed by evaporating the heterogeneous metals at higher 
temperatures, forming a THH nanocrystal primarily surrounded by (210) facets.

In summary, synthesizing different crystal facets and exposing various step atoms can not only change the 
intrinsic activity of the catalyst, accelerate the electron transfer and optimize the adsorption of 
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intermediates, but also change the active site, which can greatly optimize the performance if there are more 
intermediate stations of electron transfer with the reactant intermediates. Similarly, in the field of 
electrocatalytic NtrRR, we will discuss how the crystal facets would affect the NtrRR performance below.

ELECTROCATALYSTS WITH SPECIFIC LOW-INDEX FACETS FOR THE NTRRR
Noble metal electrocatalysts
Noble metals have been identified as highly active electrocatalysts for NtrRR. They crystallize in a cubic 
crystal system, and the regulation of crystal facets is relatively easy. Many researchers have investigated the 
influence of crystal facets on the selectivity and activity of NtrRR, aiming to further optimize the catalytic 
performance. Han et al. synthesized Pd cubes, octahedra, and rhombic dodecahedra with exposed (100), 
(111), and (110) facets using a simple seed-mediated method [Figure 4A][38]. In neutral conditions, Pd (111), 
(110), and (100) crystal facets were tested for NH3 yield, Faraday efficiency, and selectivity. The Pd (111) 
yielded 0.5485 mmol·h-1·cm-2 NH3, with a Faraday efficiency of 79.91% and an NH3 selectivity of 77.26%, 
along with excellent durability for 20 h of electrolysis. Density functional theory (DFT) calculations 
indicated that NO3

- tends to adsorb more on the Pd (111) surface, exhibiting lower HER activity, which 
benefits the NtrRR. Since the NtrRR involves various intermediates, and different crystal facets exhibit 
varying interaction behavior with these intermediates, the performance of the electrocatalysts might be 
further boosted by combining diverse facets. For instance, Lim et al. synthesize Pd nanoparticles with 
controlled crystal facets, including Pd nanocubes with exposed (100) facets, octahedra with (111) facets, 
cubic octahedra with (100) and (111) facets, concave nanocubes with (100), and high-index (hk0) facets 
[Figure 4B][39]. Electrochemical measurements revealed that the Pd (111) facet facilitated the reduction of 
NO3

- to NO2
-, while the Pd (100) facet aided the conversion of NO2

- to NH3. DFT calculations further 
indicated that the adsorption and desorption rates of NO3

- on the Pd (111) surface are relatively fast, while 
the energy barrier for NO2

- desorption and dissociation on the Pd (100) surface is low. This explains the 
synergy between the exposed (111) and (100) facets largely enhances the NtrRR performance. As a result, 
the Pd cubic octahedra composed of these two facets delivered a high NH3 yield of 307 μg·h-1·mg-1.

In a similar vein, Guo et al. employed DFT calculations to predict the NtrRR energetics on the Rh (111) 
(110) and (100) facets [Figure 4C] by investigating the surface adsorption of five major species (NO2, NO, 
N2O, N2, and NH3) involved in NtrRR[40]. The findings suggest that the exposed facets of Ru substantially 
influence the energetics of the NRR (NtrRR). Among the different facets studied, Rh (100) showed the 
highest level of activity for ammonia production. Furthermore, the optimal potential range for achieving 
efficient NtrRR on Rh (100) was identified to be between 0.15-0.09 V vs. RHE. They further conducted the 
experiments to verify the calculation results, and a peak NH3 yield of 34.4 μg·h-1·cm-2 was achieved. 
However, the Faraday efficiency turned out to be unexpectedly low (20.8%). Interestingly, Liu et al. 
demonstrated Rh nanoflowers with the (111) facet as the main exposed surface exhibit decent NtrRR 
performance with a high Faraday efficiency of 95% at the potential of 0.2 V vs. RHE [Figure 4D][41]. In 
addition, the required overpotential of the Rh nanoflowers was also much lower than most catalysts 
reported so far. The contradictory results from these two studies indicate that the role of crystal facets might 
be more complex and require further investigation. X-ray absorption spectroscopy analysis suggested that 
Rh nanoflowers have abundant low coordination Rh atoms. DFT calculations further revealed that these 
atoms can enhance the adsorption of NO3

- and better stabilize reaction intermediates, therefore resulting in 
superior NtrRR performance.

Among all noble metals, Pt is perhaps the most extensively studied electrocatalyst for the NtrRR because of 
its strong electrocatalytic performance and excellent reduction effectiveness. Katsounaros et al. analyzed the 
NtrRR energetics on Pt (111) and (100) in an acidic nitrate electrolyte[42]. They discovered that *NO is a key 
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Figure 4. Noble metal electrocatalysts with low-index facets for the NtrRR. (A) NH3 yield rates and Faraday efficiencies of Pd (111), (110), 
and (100) facets (left panel). Free energy diagram for NtrRR (middle) and the reaction energies of H2 formation (right) over Pd (111), 
(110), and (100) facets. Reproduced with permission[38]. Copyright 2021, Elsevier; (B) NH3 yield rates and Faraday efficiencies of Pd 
catalysts with different shapes (left panel). Adsorption energy of NO3

- (middle) or NO2
- (right) at pH = 0 and the activation barrier for 

converting *NO3 to *NO2 and *NO2 to *NO. Reproduced with permission[39]. Copyright 2021, American Chemical Society; (C) Surface 
configurations of nitrate adsorption on Rh (111), (110), and (100) facets. Reproduced with permission[40]. Copyright 2021, Elsevier; (D) 
Diagrammatic representation of the low coordination Rh atoms (left panel) and the NH3 yield rate of Rh nanoparticles and nanoflowers 
(right). Reproduced with permission[41]. Copyright 2023, American Chemical Society; (E) Schematic illustration of the reversible redox-
transitions on Pt surface. Reproduced with permission[43]. Copyright 2023, Elsevier.

intermediate and could poison the Pt surface. They further demonstrated that only Pt (111) could achieve 
the complete conversion of NO3

- to NH3 in a narrow potential window. This behavior, however, could 
significantly differ in alkaline electrolytes. Molodkina et al. demonstrated that among all Pt facets, the Pt 
(100) facet exhibits the highest activity in the reduction of NO3

- and NO. In contrast, the Pt (111) facet 
shows structural sensitivity in the reduction of NO3

- and NO, with incomplete reduction of NO on Pt 
(111)[43]. They found that *NO occupies two different types of sites on the Pt (111) surface: atop and 3-fold 
hollow. *NO adsorbed on atop surface sites is reduced to form *NH3 and stabilized by adsorption on hollow 
sites. The produced ammonia does not detach but creates co-adsorption compounds with adjacent NO 
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molecules bound to hollow sites, which are supported by dipole-dipole interactions and hydrogen bonding. 
Upon affecting the reduction degree of the adsorbed layer by the *NO, the *NO/*NH3 complexes start to 
decompose. Due to this, hydrogen adatoms formed in the respective range of potentials cause the 
adsorption of NH3 on the surface to weaken. As long as no further reduction occurs and the electrode 
remains within the potential range in which hollow-bound NO molecules are not reduced, co-adsorption 
complexes are expected to remain stable. In these circumstances, there is a transition from hydrofluoric acid 
to hydrogen chloride at potentials around 0.6 V. Although the hydrogen bonds may become less strong due 
to the degradation of the hydrofluoric acid, the strong dipole-dipole interactions stabilize the complex. 
Relativistic 1.1 V conditions result in reversible oxidation of atop-bound NO species to nitrite species 
(HNO2). Conversely, hollow-bound NO species do not oxidize when co-adsorption is formed with *NH2. As 
a result, no NO to HNO2 redox transition occurs [Figure 4E].

Non-noble metal electrocatalysts
While noble metal electrocatalysts show good NtrRR performance, their high cost limits the large-scale 
application. Considerable endeavors have thus been dedicated to investigating alternative catalysts based on 
non-noble metals. Among them, Cu-based materials are the most widely studied. The relatively large 
hydrogen adsorption free energy (ΔGH) on these materials can inhibit the competitive HER. Moreover, their 
d-orbital energy levels are similar to the LUMO π* of NO3

-, making them good electrocatalysts towards the 
NtrRR. Hu et al. used DFT to calculate the pathway of NtrRR on Cu (111), (100), and (110) facets at 
different pH values [Figure 5A][44]. There was a significant pH effect on the catalytic hydrogenation and 
deoxygenation processes. Further study showed that pH was also a factor for rate control steps and 
overpotential. In addition, pH value changes can also affect the competition between HER and NtrRR. 
Through studying the NH3 generation from NtrRR and HER on different crystal facets, it was found that Cu 
(100) and (111) facets contribute the most to the NtrRR, while Cu (110) contributes the least. In particular, 
in near-neutral and alkaline environments, Cu (111) is most effective, whereas Cu (100) is most effective in 
strongly acidic environments. According to the author, the local coordination environment and the 
electronic states of surface atoms are responsible for the different NtrRR levels towards NH3 production on 
the Cu surface. Due to the stereospecificity of Cu-Cu pairs, strong *NOH adsorption and weak *NH3 
adsorption were achieved on Cu (111) and (100), thereby promoting the NtrRR. To further improve the 
catalytic performance of Cu-based materials with a single crystal facet, Fu et al. developed Cu nanosheets 
derived in situ from CuO nanosheets for NtrRR [Figure 5B][45]. In situ electrochemical spectroscopy 
determined which phases were catalytically active in the prepared CuO nanosheets. The Cu K-edge X-ray 
absorption near edge structure (XANES) spectra of the CuO nanosheet electrocatalyst prepared at open 
circuit potential (OCP) were similar to the reference CuO, indicating their resemblance in absorption edges. 
However, applying NtrRR current caused a shift in the spectra of the CuO nanosheet towards the reference 
Cu foil, suggesting an electrochemical reduction of the CuO nanosheets to metallic Cu in situ. The 
outstanding performance of the electrocatalyst was ascribed to the synergistic effect between the Cu (100) 
and (111) facets, as confirmed by electrochemical tests and DFT calculations. The presence of Cu (100) 
facilitated the generation of NO2

-, which was subsequently hydrogenated on the Cu (111) facet, promoting 
the hydrogenation of *NO to *NOH through a relay catalysis mechanism. The Cu nanosheet catalyst has a 
current density of 665 mA·cm-2 at -0.59 V vs. RHE, an NH3 yield of 1.41 mmol·h-1·cm-2, a Faraday efficiency 
of 88%, and a high stability for 700 h at 365 mA·cm-2. In addition, Hu et al. developed an electrocatalyst 
synthesis strategy based on in situ electrochemical reduction of copper oxide nanoribbons under NtrRR 
conditions [Figure 5C][46], which effectively exposed the Cu (100) surface with abundant surface defects that 
significantly promoted the generation of NtrRR and effectively suppressed HER. Impressively, in alkaline 
media, the yield of NH3 catalyzed by defective Cu (100) surface is 2.3 times higher than that generated 
through the Haber Bosch process. They demonstrated using *N as a capping agent to regulate the exposed 
surface while carrying out the reduction process. The upward shift of the d-band center of copper, brought 



Page 11 of Zhang et al. Chem Synth 2024;4:39 https://dx.doi.org/10.20517/cs.2023.74 19

Figure 5. Cu-based electrocatalysts with low-index facets for the NtrRR. (A) Surface structures of Cu (111), (100), and (110) (left panel), 
NtrRR mechanism on Cu (111) (middle), and the ΔG for different facets at different pH (right). Reproduced with permission[44]. Copyright 
2021, American Chemical Society; (B) Tandem interaction of Cu (100) and (111) facets (left panel). In situ Cu K-edge XANES and EXAFS 
spectra of CuO nanosheets under various conditions (right). Reproduced with permission[45]. Copyright 2023, Wiley Online Library; (C) 
Graphical depiction of NtrRR intermediate (*N) adsorption on CuO (111) nanobelts (left panel) and the free energy diagrams illustrating 
the reaction pathways for NH3 formation through NtrRR (right). Reproduced with permission[46]. Copyright 2021, Wiley Online Library. 
XANES: X-ray absorption near edge structure; EXAFS: extended X-ray absorption fine structure.

about by the synergistic effect of Cu (100) crystal facet and defects, holds the key to attaining outstanding 
performance.

Furthermore, Zhong et al. synthesized Cu2O with exposed (100), (111), and mixed (100) and (111) facets 
[Figure 6A][47] and coherently studied the effect of surface oxygen species on the NtrRR elementary reaction. 
They found that the Cu2O surface with the exposed (111) crystal facet has the highest density of oxygen 
vacancies and hydroxyl groups. Oxygen vacancies would facilitate the adsorption of reactants and 
intermediates, while hydroxyl groups inhibit the HER, thereby promoting the hydrogenation process of 
NtrRR. As a result, Cu2O with exposed (111) facets demonstrated the most superior NtrRR efficiency, with a 
high NH3 selectivity of 97.59%. While the reaction intermediates detected in Fourier transform infrared 
spectroscopy (FT-IR) were alike on the Cu2O (100) and (111) facets, the adsorption of reaction 
intermediates on the (111) facet was significantly stronger than on the (100) facet for a specified electrolysis 
duration. In addition, a distinct N-H peak was noted during a briefer electrolysis period for the Cu2O (111) 
compared to the Cu2O (100), which corroborates the elevated ammonia yield and selectivity observed on the 
Cu2O (111).
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Figure 6. Non-noble metal electrocatalysts with low-index facets for the NtrRR. (A) SEM images of the Cu2O with specific exposed facet 
(left panel) and the time-dependent in-situ FT-IR spectra: Cu2O (100) and (111) electrocatalyst at -1.2 V vs. Ag/AgCl in nitrate solution 
(middle and right). Reproduced with permission[47]. Copyright 2022, Elsevier; (B) Surface energy diagrams of Ni2P with different 
orientations. Reproduced with permission[48]. Copyright 2021, American Chemical Society; (C) The NtrRR free energy diagram of 
In3Sn (100). Reproduced with permission[17]. Copyright 2023, American Chemical Society; (D) Illustrative diagram of the VCu-Au1Cu 
SAAs synthetic procedure (left panel) and differential charge densities of the Cu NSs (top), V-Cu NSs (middle), and VCu-Au1Cu SAAs 
(bottom). Blue: charge depletion, red: charge accumulation (right). Reproduced with permission[50]. Copyright 2022, Elsevier; (E) SEM 
images: Au/Cu SAAs. Reproduced with permission[51]. Copyright 2023, American Chemical Society. SEM: Scanning electron 
microscope; FT-IR: Fourier transform infrared spectroscopy; SAAs: single-atom alloys.

In addition to Cu, other transition metals have also been investigated. As a demonstration, Yao et al. 
synthesized Ni2P with the exposed (111) facet on a Ni foam as a self-supported electrocatalyst for the NtrRR, 
which achieved an NH3 yield of up to 0.056 mmol·h-1·mg-1 and a Faraday efficiency of up to 99.23%[48]. They 
found that the Ni2P (111) can promote the water dissociation and generate active hydrogen atom *H, which 
then induced the *H-mediated reaction pathway and thus achieved a high NH3 selectivity. DFT calculations 
further revealed that among Ni2P (111), (201), (210), and (211), the (111) facet possesses the minimal 
surface energy and is stable in a real environment [Figure 6B], and NO3

- is more likely to be adsorbed on the 
Ni2P (111 facet; the hydrogenation of *NO to NH3 is thermodynamically favorable (ΔG < 0). It is noted that 
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almost all of the reported non-noble NtrRR catalysts are based on transition metals. However, Yin et al. 
indicated that, through DFT calculations, In-based transition metal-free compounds, especially In3Sn[17], 
could be excellent NtrRR electrocatalysts. They identified a new reaction pathway on In3Sn (100) surface, 
along which the changes in free energy are always negative, indicating the thermodynamically feasible of the 
pathway [Figure 6C]. In addition, it was found that proton adsorption on the In3Sn (100) surface was very 
weak, substantially inhibiting parasitic HER. Crawford et al. experimentally confirmed that InSn in a Ga-
based liquid metal electrocatalyst exhibits decent NtrRR performance with an NH3 yield of 2,335 μg·h-1·cm-2 
with a Faraday efficiency of 100%, and the InSn was identified as the active sites[49].

Composite electrocatalysts with noble and non-noble metals
It should be noted that in most cases, the NtrRR performance of non-noble electrocatalysts is still inferior to 
that of noble metals. On the other hand, noble metal electrocatalysts suffer from high cost. Therefore, 
researchers are exploring the potential of composite electrocatalysts with noble and non-noble metals, 
aiming to achieve an optimal balance of both the activity and cost.

Zhang et al. designed an Au1Cu (111) single-atom alloy (SAA) with Cu vacancies on the surface (VCu Au1Cu 
SAA) [Figure 6D][50], which exhibited an NH3 Faraday efficiency of up to 98.7% and an NH3 yield of 
555 μg·h-1·cm-2 at -0.2 V vs. RHE. Characterization results indicated that in VCu Au1Cu SAA, electron 
migration from Cu to Au atoms generates electron-deficient Cu active sites. This promoted the generation 
of active hydrogen species *H and facilitated NO3

- reduction. According to theoretical calculations, the Cu 
sites with specific crystal facets and defects exhibit dual functionality. These facets not only aid in the 
activation of water to generate *H but also decrease the energy barrier for the desorption of *NH3 from the 
catalyst surface. In another study, Yin et al. successfully deposited Au atoms on Cu nanoparticles with (100) 
surface exposure [Au/Cu (100) SAAs] [Figure 6E][51]. Their performance for NtrRR surpassed that of Cu 
(100) and Au/Cu (111) SAAs. AuCu (100) SAAs effectively inhibited the generation of N-N coupled N2O or 
N2. They claimed that Au single atoms (SAs) significantly reduce the adsorption energy of NO3

- on Cu 
(100), and the Au–Cu bonds form in NtrRR contribute to the reduction of NO2 to NO intermediates. This 
resulted in a high NH3 Faraday efficiency of 99.69% at -0.80 V vs. RHE.

ELECTROCATALYSTS WITH SPECIFIC HIGH-INDEX FACETS FOR THE NTRRR
High-index facets, in contrast to low-index facets, have a higher concentration of low coordination atoms, 
such as steps and twist sites. Consequently, these high-index facets often demonstrate enhanced 
electrocatalytic performance. The application of crystal facets as model catalysts in fundamental studies has 
shown that high-index facet-centered cubic (FCC) metals, such as Pt, Pd, Ir, Au, Ag, Cu, and Ni, exhibit 
remarkable catalytic activity for a wide range of chemical reactions, including the NtrRR. For example, 
Chen et al. synthesized tetrahedral Cu nanocrystals with exposed (520) high-index [THH Cu(520)] facets 
using an electrochemical square wave potential method without additional capping agents [Figure 7A][52]. 
The catalyst exhibited excellent NtrRR performance. In a neutral solution, at a potential of -0.90 V vs. RHE, 
the Faraday efficiency was as high as 98.3%, and the NH3 yield was as high as 9.13 mmol·h-1·cm-2. This 
performance significantly surpassed that of Cu nanocrystals with exposed (100) and (111) low-index facets. 
By adjusting the adsorption strength of intermediates through alloying, the electrocatalytic activity can be 
further improved. Liu et al. synthesized concave octahedral TOH Au-Pd alloy nanocrystals with exposed 
(331) high-index facets using the electrochemical double-step potential method [Figure 7B][53]. The results 
indicated that due to the low coordination number of high-index facets and the electronic interactions of 
Au-Pd alloys, the concave TOH Au-Pd alloy nanoparticles exhibit excellent NtrRR activity and selectivity 
compared with Au (311) and (111) facets [Figure 7C]. Remarkably, under ambient conditions, the highest 
NH3 yield of 4,591.71 μg·h-1·mgcat

-1 and the Faraday efficiency was 62% was achieved at a potential of -1.15 V 
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Figure 7. Electrocatalysts with high-index facets for the NtrRR. (A) TEM image, SAED pattern of a THH Cu NC (left panel), atomic model 
of (520) facet (middle), and Faraday efficiencies of various Cu catalysts (right). Reproduced with permission[52]. Copyright 2022, 
Elsevier; (B) SEM image, TEM image, and the corresponding SAED patterns of concave TOH Au–Pd NCs (left panel), optimized 
structures of intermediates of *NO3

-, *NO2
- + *O, *NO2

- and *NO + *O (middle), and free energy profiles for NtrRR on Au (111) and (331), 
and TOH Au–Pd NCs (right). Reproduced with permission[53]. Copyright 2023, American Chemical Society; (C) Faraday efficiencies of 
main products at different working potentials of TOH Au–Pd NCs (left panel), NH3 yield rate and Faraday efficiencies of Au (111), Au 
(331), and TOH Au–Pd NCs (middle), and FE of main products of Au (111), Au (331), and TOH Au–Pd NCs at -1.15 V vs SCE (right). 
Reproduced with permission[53]. Copyright 2023, American Chemical Society. TEM: Transmission electron microscopy; SAED: selected 
area electron diffraction; THH: tetrahexahedron; NC: nanocrystals; SEM: scanning electron microscope; TOH: trisoctahedron; FE: 
Faraday efficiency; SCE: saturated calomel electrode.

vs. saturated calomel electrode (SCE). DFT calculations indicated that the Pd-modified Au (331) step 
surface endows high activity for NO3

- adsorption and N–O bond cleavage, enhancing the activity and 
selectivity of NtrRR. Although high-index facets show promising NtrRR performance, their synthesis is 
generally much more challenging, and thus, electrocatalysts with high-index facets have considerably less 
been investigated for NtrRR.

CONCLUSIONS AND PERSPECTIVES
Over the past few years, significant strides have been made in exploring efficient electrocatalysts in terms of 
crystal facet engineering for nitrate reduction to ammonia, from low-index to high-index facets, from single 
metals to alloys and further more complex composites. The current review summarizes the current progress 
in crystal facets engineering of NtrRR electrocatalysts [Table 1].

The facet-engineered catalysts can not only provide more active and selective sites for the NtrRR by tuning 
the adsorption and activation energies of the reactants and intermediates but also modulate the electron 
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Table 1. Key performance parameters of low-index and high-index facets electrocatalysts in the NtrRR

Catalyst Specific crystal 
facet

Synthetic 
method

Pd (111)

Rh (111)

Pd (111), (100)

Cu (100), (111)

Cu2O (111)

VCu Au1Cu 
SAA

Cu (111)

Au/Cu SAAs Cu (100)

Cu (111), (100)

Rh (100)

Wet-synthesis

Cu (100) 

Cu (520)

Au-Pd Au (331)

Electrosynthesis

Pt (111)

Ni2P (111)

In3Sn (100)

Solid-state 
synthesis

SAA: Single-atom alloy.

transfer and mass transport processes. In addition, crystal facet engineering can be combined with other 
strategies, such as doping, alloying, heterostructuring, and defect engineering, to further improve the NtrRR 
performance. Despite the great progress, many challenges yet also great opportunities persist in this field.

(1) The synthesis of electrocatalysts with specific crystal facets, particularly high-index facets, is often quite 
challenging and requires precise control and advanced techniques. Currently, most of the reported catalysts 
with high-index facets crystallize in a simple cubic crystal system, while more complex compounds such as 
oxides have considerably less been explored. Therefore, more efficient and reliable methods for synthesizing 
and characterizing the facet-engineered catalysts with high quality and reproducibility need to be developed.

(2) The stability and durability of the facet-engineered catalysts are often compromised by the surface 
reconstruction, aggregation, and dissolution under harsh reaction conditions. Indeed, self-reconfiguration 
induced by potential is a frequently observed phenomenon in electrocatalysis. This is particularly true 
during the anodic oxidation process, which can lead to substantial alterations in the composition and 
structure of electrocatalysts. While catalyst reconstruction during the cathodic reduction process is 
relatively uncommon, studies still indicate that such a process can occur. For example, Li et al. discovered 
that the NiCu bimetallic hydroxide (NiCu-OH) catalyst rapidly converts into a composite of crystalline 
metallic copper (c-Cu) and amorphous nickel hydroxide [a-Ni(OH)2] during the NtrRR[54]. The 
reconstruction not only alters the material composition but also changes the crystal facet exposed by the 
catalyst. It transitions from the Cu2(OH)3(NO3)-exposed (121) facet to the Cu-exposed (111) facet. In this 

Electrolyte NH3 faradaic 
efficiency NH3 yield rate Authors

79.91% 2.74 mmol·h-1·mg-1 Han et al.[38]0.1 M Na2SO4 and 
0.1 M KNO3 95% 0.8 μg·h-1·cm-2 Liu et al.[41]

0.1 M NaOH and 
20 mM NaNO3

35% 307 μg·h-1·mg-1 Lim et al.[39]

1 M KOH and 
0.2 M KNO3

88% 1.41 mmol·h-1·cm-2 Fu et al.[45]

0.5 M Na2SO4 and 
100 ppm NaNO3

97.59% 0.075 mmol·mgcat
-1 ·h-1 Zhong et al.[47]

0.1 M KOH and 
7.14 mM NO3

-
98.7% 555 μg·h-1·cm-2 Zhang et al.[50]

0.5 M Na2SO4 and 
100 ppm NaNO3

99.69% 0.193 mmol·h-1·cm-2 Yin et al.[51]

Near-neutral and 
alkaline strong 
acidic

- - Hu et al.[44]

Alkaline 20.8% 34.4 μg·h-1·cm-2 Guo et al.[40]

1 M KOH and 
0.1 M KNO3

95.3% 650 mmol·gcat
-1·h-1 Hu et al.[46]

100 mM K2SO4 
and 
100 mM KNO3

98.3% 9.13 mmol·h-1·cm-2 Chen et al.[52]

0.5 M K2SO4 and 
0.05 M KNO3

61.96% 4,591.71 μg·h-1·mgcat
-1 Liu et al.[53]

Acidic - - Molodkina et al.[43]

0.5 M Na2SO4 and 
80 mg·L-1 NaNO3

99.23% 0.056 mmol·h-1·mg-1 Yao et al.[48]

- - - Yin et al.[17]
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case, the engineered facets might not be the real active sites, and thus, the role of crystal facets in the NtrRR 
electrocatalysis needs to be carefully evaluated. Real-time monitoring of the surface facet evolution is, 
therefore, essential to reveal the detailed electrocatalytic reaction mechanism on specific facets.

(3) NtrRR is a complex multi-step process involving various intermediates and pathways, and the reaction 
mechanism is still not fully understood. In this case, how the crystal facets affect the reaction mechanism 
requires further investigation. In addition, there is a current absence of standardized criteria for evaluating 
the performance of NtrRR. Various reported catalysts were tested under different conditions (e.g., the type 
and concentration of the supporting electrolyte, applied potential, and cumulative ammonia production 
time). This brings additional difficulty in comparing the activity of reported catalysts with specific exposed 
facets. In this regard, the reaction conditions and parameters, such as temperature, pressure, pH, electrolyte, 
and potential, should be optimized, while the criteria for performance evaluation should be standardized to 
fairly compare the performance of different reported catalysts.

(4) The NtrRR competes with the HER on most metal surfaces. Crystal facet engineering might 
simultaneously promote both the NtrRR and HER. Exploring specific facets with high activity and 
selectivity is essential for achieving a high Faraday efficiency and selectivity towards the production of NH3.

(5) Further research, both experimental and theoretical, should be conducted to explore the relationship 
between the crystal facet structure and the NtrRR performance. Using in situ or operational characterization 
techniques is essential to obtain a comprehensive understanding of the dynamic structure, activity, 
selectivity, and stability of catalysts. These methods enable the investigation of catalytic processes and 
reaction mechanisms at the atomic and molecular levels. Based on these understandings, together with the 
big data and artificial intelligence, the discovery of high-performance NtrRR electrocatalysts with specific 
exposed crystal facets can be greatly facilitated.

(6) Currently, the crystal facet engineering of the electrocatalysts mainly focuses on improving the activity 
and stability. Further integrating the facet-engineered catalysts with other components, such as electrodes, 
membranes, and reactors, is also important to achieve scalable and practical applications of the NtrRR, and 
there could be many engineering issues. For example, determining how to expose the specific crystal facets 
of the catalysts during the electrode fabrication process often involves using binders and conductive 
additives that could block the exposed surface.

Overall, we believe that crystal facet engineering could play a significant role in enhancing the NtrRR 
performance of electrocatalysts. Through this review, we hope that the readers would gain better 
understanding of the impacts of crystal facets on the NtrRR reaction pathway, kinetics, and 
thermodynamics and could find useful information for designing high-performance electrocatalysts with 
specific exposed facets.
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