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Abstract: Electrochemical nitrogen reduction reaction (NRR) offers 

a sustainable solution towards ammonia production but suffers poor 

reaction performance due to preferential catalyst-H formation and 

the consequential hydrogen evolution reaction (HER). Herein, we 

electronically modify Pt/Au electrocatalyst d-band structure using 

zeolitic-imidazole framework (ZIF) to achieve a faradaic efficiency 

(FE) of >44 % with high ammonia yield rate of >161 µg.mgcat
-1.h-1 at 

ambient conditions. Our strategy lowers electrocatalyst d-band 

position to weaken H adsorption and concurrently creates electron 

deficient sites to kinetically drive NRR by promoting catalyst-N2 

interaction. The ZIF coating on electrocatalyst doubles as a 

hydrophobic layer to suppress HER, further improves FE by >44-fold 

compared to without ZIF (~1 %). Experimental and in-silico studies 

reveal Pt/Au-NZIF interaction is key to enable strong N2 adsorption 

over H atom. Our electrocatalytic design is universal and can be 

extended across metal electrocatalysts for diverse applications in 

NRR and air-to-fuel conversion.  

Introduction 

Ambient electrochemical nitrogen reduction reaction (NRR) 

offers a promising and eco-friendly approach to produce 

ammonia as a green fuel directly from atmospheric abundant 

nitrogen (N2) in contrast to the energy-consuming Haber-Bosch 

process (400°C, 40 MPa).[1] However, the greatest limitations in 

NRR are its poor faradic efficiency (FE ~10 %) and ammonia 

(NH3) yield rate, which restrict its practical application, especially 

at ambient conditions.[2] This performance bottleneck is mainly 

attributed to (1) poor selectivity and (2) poor activity of current 

NRR electrocatalytic designs. First, the poor NRR selectivity is 

due to competing hydrogen evolution reaction (HER) that 

dominates over NRR and affects virtually all traditional NRR 

metal electrocatalysts. The lower energy barrier of hydrogen (H) 

adsorption over N2 causes preferential adsorption of H on 

catalyst which kinetically favors HER over NRR.[3] Second, the 

poor NRR catalytic activity arises from the weak affinity of N2 to 

catalyst owing to the chemical inertness and the lack of electron 

deficient sites on catalyst to accept N2 lone pair electrons, 

impeding N2 activation and corresponding NRR efficiencies.[2a, 4] 

To overcome these limitations, it is necessary to overturn 

traditionally favored H adsorption and improve intrinsic catalytic 

activity towards NRR. 

An emerging strategy to kinetically boost NRR 

performance is to improve catalyst affinity toward N2 by creating 

electron deficient catalytic sites via electronic structure 

modification. Co-doping carbon catalyst with electronegative 

heteroatoms (N and P) draws electron density away from carbon 

to facilitate N2 adsorption for subsequent activation, but is limited 

by its energy-intensive process and difficulty in achieving high 

and uniform dopant concentrations.[5] On the other hand, the 

NRR catalytic activity for metal catalysts largely depends on the 

intrinsic N2 binding ability of metals.[2c] For instance, platinum 

(Pt) and iridium (Ir) can adsorb both N2 and H, but favor H 

adsorption over N2 due to strong metal-H formation because the 

metal d-band states are close to the Fermi level (Ef), hence 

leading to high HER and low NRR activities.[6] Therefore, it is 

imperative to strategically design an electronically modified 

electrocatalytic system which possesses (1) lower d-band 

position to weaken H adsorption and (2) abundant electron-

deficient sites with strong N2 affinity to kinetically drive NRR at 

ambient conditions. 

Herein, we use zeolitic imidazole framework (ZIF) to 
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modify the d-band electronic structure of bimetallic 

electrocatalyst to favor NRR and enhance its N2 adsorption 

affinity to boost NRR performance, attaining a high FE of >44 % 

and a NH3 yield rate of >161 µg.mgcat
-1.h-1 at ambient conditions. 

We achieve this by encapsulating our model Pt/Au 

electrocatalyst with a layer of ZIF to induce their direct 

chemical/electronic interactions, which lowers the d-band to 

weaken H adsorption and concurrently create electron-deficient 

catalytic sites with strong affinity toward N2. Moreover, ZIF also 

serves two additional functions; (i) concentrating N2 molecules at 

the catalyst-ZIF interface to enhance catalyst-N2 interactions and 

(ii) serving as a hydrophobic barrier to suppress HER by 

restricting the access of trace water to electrocatalytic sites.[7] X-

ray photoelectron spectroscopy (XPS) and density functional 

theory (DFT) investigation reveals a negative shift of Pt/Au d-

band center to weaken catalyst-H interaction and highlight the 

preferential N2 adsorption over H atom at the electron deficient 

sites to kinetically boost NRR performance. Notably, our 

electrocatalytic design exhibits excellent NRR activity across a 

wide range of applied potentials (-2.1 V to -2.9 V), achieving FEs 

>44-fold better than bare Pt/Au catalyst (FE ~1%). Our 

electrocatalytic design is straightforward and can be potentially 

extended to a library of metal electrocatalysts to improve NRR 

performance and/or other water-sensitive reactions for diverse 

applications, such as in air-to-fuel conversion and greenhouse 

gas remediation/valorization. 

Results and Discussion 

Our electrocatalytic design comprises of a Pt nanosphere 

(PtNS)-deposited Au electrode that is coated with a layer of ZIF. 

The ZIF serves three functions, namely (1) modifying Pt/Au d-

band structure to weaken H adsorption, (2) inducing electron 

deficient sites on Pt to enhance its affinity towards N2 adsorption 

and (3) concentrating N2 to promote Pt/Au-N2 interactions for 

NRR while repelling moisture to suppress competing HER 

(Figure 1A). We choose Pt as our primary metal catalyst owing 

to its excellent electrochemical stability and high intrinsic 

catalytic activities.[8] Briefly, a series of PtNSs with different sizes 

(33 nm to 231 nm) are synthesized using a seed-mediated 

synthesis method and subsequently treated with HCl to remove 

surfactant prior to their depositions on Au electrode (co-catalyst) 

(Figure S1-2). Our Pt/Au@ZIF electrode is then fabricated by 

encapsulating the Pt/Au ensemble with a polycrystalline ZIF 

layer (thickness, 433 ± 36 nm) via an overgrowth method (Figure 

1B; Figure S3). The successful formation of Pt/Au@ZIF platform 

is affirmed through the unique diffraction patterns of Au@ZIF 

and Pt obtained using X-ray diffraction (XRD) analysis (Figure 

1C; Figure S4).[9] All Pt/Au@ZIF electrodes are thermally 

activated prior to subsequent experiments. 

To improve NRR performances, it is important to (1) 

overturn traditionally favored H adsorption and (2) improve 

intrinsic catalytic activity towards NRR. These can be achieved 

by electronically modifying catalyst d-band center to reduce 

catalyst-H interactions and by creating electron-deficient catalyst 

to improve N2 adsorption and activation, respectively. We first 

modify the electronic structure of Pt/Au to impede the formation 

of H-adatoms on Pt/Au catalyst, a key factor leading to HER side 

reaction. We hypothesize that such modification of 

electrocatalyst’s valence band can be achieved through the 

Figure 1. Key concept of our strategy to modify nanocatalyst surface 

electronic structure for enhanced electrochemical nitrogen reduction reaction 

at 1 atm and 298 K. (A) Schematic depicting functions of ZIF: (i) induce 

electron deficient sites on Pt via electron density migration from Pt to ZIF and 

(ii) lower d-band of Pt/Au to weaken metal-H interaction while facilitating 

metal-N2 interaction. (B) Cross-sectional SEM image of Pt/Au@ZIF. (C) XRD 

patterns of Pt/Au@ZIF, Pt, ZIF and Au, respectively. (D)(i) d-band center of 60 

nm Pt/Au before and after ZIF encapsulation and (ii) schematic illustrating the 

shift of d-band away from fermi-level to weaken metal-H interaction. The black 

line represents d-band center. 

synergistic effect arising from the electronic interaction between 

Pt/Au and ZIF. To probe the synergistic effects between Pt/Au 

and ZIF at the metal-ZIF interface, we examine the d-band 

center of Pt/Au upon ZIF encapsulation by performing valence 

band X-ray photoelectron spectroscopy (XPS) analysis in the 

range of 0 – 10 eV.[8] The d-band model relates the adsorption 

strength between catalyst and adsorbate to the catalyst d-band 

position, which can predict reactivities and catalysis. The initial 

d-band center of all PtNSs (size: 60 – 231 nm) on Au at -4.88 eV 

experiences a negative shift upon ZIF encapsulation with a 

lowest d-band center of -5.56 eV (using 60 nm Pt/Au@ZIF) 

(Figure 1D, Figure S5; Supporting Information 1). We ascribe 

the lowering in d-band centers (from -4.88 to -5.56 eV) as PtNS 

size decreases to the increasing surface area/volume ratio of 

PtNS, whereby a smaller PtNS size allows more ZIF coverage 

and therefore increases the corresponding Pt-ZIF chemical 

interactions (Figure S6). Notably, the negative shift of Pt/Au d- 
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Figure 2. XPS investigations on 60 nm Pt/Au@ZIF platform. (A) Changes in Pt 

4f spectra of Pt/Au upon ZIF encapsulation. (B) Changes in N 1s spectra of 

ZIF upon encapsulating Pt/Au. (C) Electron density distributions (i) before and 

(ii) after ZIF interaction, (iii) corresponding changes in Mulliken charges on Pt6, 

N1 and N2, respectively, after ZIF encapsulation. (D) Gibbs free energy for (i) 

free and (ii) adsorbed states of N2 and H onto Pt/Au@ZIF at the metal/ZIF 

interface. * denotes adsorbed states. 

band away from its Fermi level after ZIF encapsulation denotes 

that Pt/Au-H interaction is weakened.[10] This is a critical factor to 

suppress the formation of Pt/Au-H and associated HER (Figure 

1D). Moreover, the Pt/Au-N2 interactions and consequential 

NRR are further promoted by exploiting ZIF’s high gas sorptivity 

to concentrate N2 molecules directly at the Pt/Au@ZIF interface 

(Figure 1A). We also eliminate the possibility that the change in 

d-band center is due to Pt-Au interaction because control XPS 

Au 4f analyses before and after PtNS deposition on Au electrode 

demonstrate negligible spectral change (Figure S7). In addition, 

we also calibrate our XPS observation to C 1s (Figure S8). Our 

observations thus highlight that ZIF is effective in lowering the 

electronic d-band center of Pt/Au to alleviate the strong 

competitive adsorption of H on Pt/Au for subsequent NRR 

analysis. 

Next, we investigate the generation of electron-deficient 

sites on Pt/Au catalyst upon ZIF encapsulation by analyzing the 

high resolution XPS spectra of Pt 4f before and after ZIF coating. 

Using 60 nm Pt/Au as an example, we observe two broad peaks 

at ~75.5 eV and ~72 eV corresponding to Pt 4f5/2 and 4f7/2 spin 

orbit states, respectively (Figure 2A; Figure S9). The two broad 

XPS features can be further deconvoluted to three sets of peaks 

corresponding to the metallic state Pt0 (71.7 eV and 75.0 eV), 

Pt2+ oxide state (72.4 eV and 75.7 eV) and Au satellites (74.5 eV 

and 76.4 eV).[11] The presence of Pt oxidized state is commonly 

observed in small nanoparticles.[12a] Upon ZIF encapsulation, the 

XPS peaks of Pt0 and Pt2+ shifts positively by 0.2 eV and 0.3 eV, 

respectively, which indicates a reduction in Pt surface electron 

density, a clear evidence that ZIF is in direct interaction with Pt 

surface. Similar phenomenon using N 1s XPS characterization is 

also observed, whereby XPS ZIF peaks of -NH- and -N= shift 

negatively by 0.4 eV and 0.3 eV, respectively (Figure 2B). This 

could be attributed to the electron migration from Pt to ZIF via 

metal-N (Pt/Au-N) coordination bond that is affirmed by the 

presence of its characteristic XPS feature at 398.7 eV.[12] Similar 

peak shifts/emergence are also observed when using PtNS of 

different sizes (Figure S10). From these observations, the 

positive shift of Pt 4f and the negative shift of N 1s spectra 

clearly highlight an electron density transfer from Pt to ZIF 

framework via Pt-NZIF interaction. Such Pt-to-ZIF electron 

migration in turn creates electron-deficient sites on Pt surface 

which are necessary to promote the interactions between N2 and 

catalyst for enhanced NRR. 

To elucidate the effect of Pt-to-ZIF electron migration, we 

further perform density functional theory (DFT) simulation 

between Pt catalyst and ZIF and unravel the molecular origins 

behind the observed XPS spectral changes. We use 4,5-

dichloroimidazole (dcim)-Zn and Pt6 molecular clusters to 

represent ZIF and Pt surfaces, respectively, and to simulate the 

interfacial interaction between the two at the molecular level.[13] 

Upon ZIF encapsulation on Pt, the Mulliken charge distribution 

of Pt experiences a 0.131 positive increase, while the charges of 

N1 and N2 of ZIF become more negative by 0.054 and 0.122, 

respectively (Figure 2C-iii; Figure S11). These changes in 

charge distribution on the atoms indicate the lost and gain in 

electron density on Pt and N, respectively, thereby validating our 

experimental XPS observations that electron density is 

transferred from Pt to ZIF framework via Pt-N linkage. 

Conversely, when anchoring Pt with a dcim organic layer (with 

no ZIF formation), the dcim-Pt system exhibits weaker electron 

withdrawing effect (Figure S12-13). Hence, all results clearly 

signify the importance of ZIF in modifying the surface electron 

density of Pt. The coordination of Zn to dcim to form ZIF scaffold 

creates a greater electron withdrawing effect, hence drawing 

more electron density from Pt and resulting in a more electron 

deficient Pt.[14]  

To further highlight the importance of aforementioned 

electronic modification in our design, we investigate the 

adsorption energy profile of both N2 and H in its free and 

adsorbed state via DFT. Our simulation indicates that the 

change in Gibbs free energy (∆G) are -1.45 eV (favorable 

adsorption) and 1 eV (unfavored adsorption) for N2 and H 

adsorption on our electron-deficient Pt, respectively, as 

compared to its free-state (Figure 2D-ii; Supporting Information 

2; Table S1). The results affirm that the coating of ZIF lowers the 

energy barrier for N2 adsorption relative to H which supports our 

hypothesis that N2 adsorption is favored using our strategy. 
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Figure 3. Evaluating the NRR performance across various Pt/Au@ZIF 

platforms. (A) Representative cyclic voltammograms recorded from 

Pt/Au@ZIF working electrodes under N2 or Ar gas bubbling at 3 sccm using a 

mass flow controller. (B) UV-Vis spectra quantifying the ammonia produced by 

various platforms after 6 h. (C) Effective faradaic efficiency (FE) and rate of 

ammonia formation by various Pt/Au@ZIF and control Au@ZIF platforms. (D) 

Evaluating NRR performance using 60 nm Pt/Au@ZIF platform at various 

electrochemical potential. 

To assess the effect of the ZIF-induced Pt/Au surface 

modification on NRR performance, we perform cyclic 

voltammetry (CV) analysis using Pt/Au@ZIF electrode to 

elucidate the electrochemical processes occurring at the 

interfacial nanocavities. Briefly, our electrocatalysis setup 

comprises a three-electrode system (working electrode, 60 nm 

Pt/Au@ZIF; counter electrode, Pt wire; reference electrode, 

Ag/AgCl) immersed in dry tetrahydrofuran (THF) solution 

containing lithium trifluoromethanesulfonate as the electrolyte. [7b] 

In addition, 1 % v/v ethanol is spiked in the electrolyte as a 

proton source for NRR. CV is performed under open ambient 

operations by first scanning towards the cathodic direction with a 

potential range from -0.5 V to -3.0 V under constant nitrogen 

(N2) or argon (Ar) bubbling at 3 sccm (Figure 3A). Under N2 

bubbling, Pt/Au@ZIF exhibits a distinct reduction peak at ~ -2.6 

V and subsequently demonstrates two electrochemical oxidation 

peaks at ~ -1.6 V and ~ -0.85 V. In contrast, control experiment 

using same Pt/Au@ZIF electrode but under Ar bubbling only 

exhibits the oxidation peaks at ~ -1.6 V and ~ -0.85 V. The 

distinct differences in electrochemical responses from both 

experiments (N2 or Ar) affirm that the reduction peak at -2.6 V 

(onset at -2.1 V) arises from N2-related reduction processes 

rather than potential interferences arising from ZIF, electrode 

and electrolyte. The two oxidation peaks during anodic scans in 

both gases are likely due to alcohol-related oxidation (Figure 

S14).[7b] In contrast, control Pt/Au electrodes without ZIF coating 

in the presence of N2 or Ar bubbling exhibit distinct cathodic 

peak at -1.8 V that is attributed to HER and there is no N2-

related reduction peak at -2.6 V (Figure S15). Collectively, these 

results ascertain that our Pt/Au@ZIF design is effective in 

driving NRR while suppressing competing HER due to the 

presence of hydrophobic ZIF encapsulation (0.2 mmol g-1 water 

uptake) to repel moisture (18 g m-3) as well as electronically-

tuned catalyst to promote N2 adsorption.[15] More importantly, the 

high NRR selectivity in Pt/Au@ZIF electrocatalyst is 

unprecedented compared to other Pt-based catalysts because 

traditional Pt materials favor the formation of Pt-H and are 

instead commonly employed for HER.[2c] 

We evaluate the NRR performance of our Pt/Au@ZIF 

working electrode across various PtNS sizes to demonstrate the 

effect of our nanocatalyst d-band structure modification on NRR. 

NRR performance is evaluated based on two metrics, namely 

(1) effective faradaic efficiency (FE) and (2) effective rate of 

ammonia formation, whereby the effective values are obtained 

by comparing against control experiments performed under Ar 

bubbling. The subtraction of the ammonia formed under Ar 

conditions is necessary to determine the actual NH3 that are 

formed by NRR using Pt/Au@ZIF, and eliminates potential 

contributions from any dissolved nitrogenous contaminants from 

the environment to prevent false positive results. In a typical 

reaction setup, the system is bubbled with N2 gas for at least 15 

min and ammonia is generated by applying a potential at -2.9 V, 

unless stated otherwise, for 6 hours under a continuous supply 

of N2 at 3 sccm in open ambient conditions. The 

electrosynthesized ammonia in the dry THF is determined via 

Berthelot’s reaction to form indophenol blue, which has a 

characteristic absorption peak at ~647 nm that can be quantified 

via UV-Vis spectroscopy (Figure 3B; Figure S16). NRR 

performance of Pt/Au@ZIF generally increases with lower d-

band center as size of PtNS decreases. When PtNS size 

decreases from 231 nm to 60 nm, the FE increases significantly 

by >4-fold from (9.6 ± 1.1) % to (44.8 ± 4.2) %. The NH3 yield 

rate also achieves a notable >80-fold improvement from (2.5 ± 

1.1) to (161.9 ± 16.7) µg.mgcat
-1.h-1 (Figure 3C; Figure S17), 

respectively. Among all Pt/Au@ZIF, 60 nm Pt/Au@ZIF is the 

best performing NRR electrocatalyst with the highest FE of (44.8 

± 4.2) % and NH3 yield rate of (161.9 ± 16.7) µg.mgcat
-1.h-1 

(Figure 3C; Supporting Information 3; Table S2). This is because 

60 nm Pt/Au@ZIF has the lowest d-band center of -5.56 eV 

which greatly weakens the formation of metal-H while facilitating 

N2 adsorption to promote NRR (Figure 1D; Figure S5-6). Notably, 

our high NRR performance is a direct correlation to the d-band 

observations.  

It is noteworthy that the high FE of >44% and ammonia 

yield rate of >161 µg.mgcat
-1.h-1 achieved with 60 nm Pt/Au@ZIF 

is one of the highest reported thus far under ambient 

conditions.[3a, 16] Importantly, our study is the first direct evidence 

to demonstrate ZIF capability to modify metal catalyst electronic 

structure to achieve high-performance NRR. We eliminate the 

contribution from Pt surface defects as defects are typically 

present in alloy or core@shell nanomaterials.[17] These 

performances are possible through ZIF-induced d-band 

modification to weaken metal-H formation prior N2 adsorption, 
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Figure 4. Elucidating the importance of ZIF to enhance NRR performance. (A) 

Scheme comparing the effects present in various electrocatalytic systems. (i) 

Pt/Au@ZIF, (ii) dcim-Pt/Au, (iii) Pt/Au and (iv) Au@ZIF. (B) Evaluation of d-

band position and (C) corresponding effective faradaic efficiency and rate of 

ammonia formation for each system, respectively. (D) Proposed NRR 

mechanism at the Pt/Au@ZIF interfacial cavities. Imidazolate species 

coordinates to metal surface and distorts surface electronic configuration to 

improve N2 adsorption. 

with negligible contribution by the presence of nitrogenous 

impurities (ppb) in N2 gas.[18] Furthermore, the Berthelot’s 

reaction for NRR quantification is selective towards 

ammonia/ammonium and cannot be affected by other 

nitrogenous species because the latter forms a sterically-

hindered intermediate that inhibits subsequent indophenol 

formation.[19] By subtracting all FE and NH3 yield rate against 

control Ar experiments, we also effectively eliminate background 

interferences arising from ZIF, electrolyte and gases. We further 

exclude the possibility of contaminants from N2 gas source 

because the maximum possible ammonia from potential 

contaminants in N2 gas was reported to be <2 %.[7b] Hence, the 

ammonia quantified is definitively attributed to NRR and we 

employ 60 nm Pt/Au@ZIF for the remaining analysis due to its 

highest NRR performance. Moreover, we evaluate Pt/Au@ZIF 

NRR activity and isolate the preferential potential to boost NRR 

performance by examining across various applied potentials (-

1.7 V to -3.3 V). We identify the highest NRR activity at an 

applied potential between -2.5 V and -2.9 V. This observation is 

consistent with the CV recorded during N2 bubbling, whereby N2 

reduction peak appears between -2.1 V and -2.9 V with an onset 

potential at -2.1 V (Figure 3A, 3D; Table S3; Figure S18). 

Notably, our ZIF coating remain intact even after NRR which 

demonstrates its durability (Figure S19).  

In our Pt/Au@ZIF system, ZIF is postulated to exhibit 

multiple functionalities and we classify them based on (1) the 

surface electronic modification of Pt for N2 adsorption and (2) the 

physical concentration of N2 and moisture-repelling effect. To 

ascertain the contribution of each effect, we fabricate and 

assess the NRR performances of three control electrocatalytic 

systems comprising (1) dichloroimidazole (dcim)-functionalized 

Pt/Au, (2) non-functionalized Pt/Au electrocatalysts and (3) 

Au@ZIF (Figure 4A). Functionalizing Pt/Au with dcim (dcim-

Pt/Au) modifies the electronic structure of Pt but does not 

provide ZIF’s N2 concentrating and water repelling effects while 

the non-functionalized Pt/Au platform has neither contributions 

from ZIF nor dcim. Lastly, Au@ZIF highlights the effect of ZIF 

without d-band modification and Pt catalytic effect. The NH3 yield 

rates are normalized against electrochemical active surface area 

(ECSA) for fair comparison. 

We first isolate the contribution of d-band modification by 

comparing NRR performance of dcim-Pt/Au with non-

functionalized Pt/Au system (Figure 4A(ii-iii)). Successful 

functionalization of dcim monolayer onto Pt/Au is affirmed via 

XPS where an additional peak corresponding to the 

characteristic imidazole at the N 1s spectrum (Figure S20). 

Dcim-functionalization of Pt/Au results in a distinct d-band center 

shifting from -4.88 eV to -5.32 eV, denoting strong metal-Nimidazole 

interaction, while non-functionalized Pt/Au control indicates no d-

band shift at -4.88 eV (Figure 4A(ii-iii), 4B(ii-iii)). The smaller 

extent of shift exhibited in dcim-Pt/Au (-0.44 eV) compared to 

Pt/Au@ZIF (-0.68 eV) could be due to the lack of coordination of 

Zn to dcim to create the ZIF network to significantly modify Pt/Au 

d-band (Figure S11-13). Hence, dcim-Pt/Au NRR achieves FE of 

4.2 % which is >4-fold higher than non-functionalized Pt/Au (FE 

0.9 %). The NH3 yield rate is also >1.7-fold higher for dcim-Pt/Au 

(0.731 mg.m-2.h-1 and 0.414 mg.m-2.h-1, respectively) (Figure 

4A(ii-iii), 4C). Therefore, this comparison demonstrates the 

importance of d-band modified Pt/Au to improve NRR activity via 

the weakening of metal-H formation.  

Subsequently, we compare the NRR performance between 

Au@ZIF and Pt/Au@ZIF to determine the contribution of Pt and 

the effects of surface d-band modifications (Figure 4A(i, iv)). Our 

Pt/Au@ZIF system exhibits a d-band center -5.56 eV, indicating 

strong metal-NZIF interaction. In contrast, Au@ZIF with no 

surface electronic modification interactions demonstrates 

negligible d-band shifting (-5.29 eV) in comparison to Au film (-

5.20 eV) (Figure S5). In term of NRR performances, Pt/Au@ZIF 

achieves >4-fold higher FE as compared to our Au@ZIF system 

(44.8 % compared to 9.6 %), with NH3 yield rate exhibiting >2-

fold higher from 1.64 to 3.387 mg.m-2.h-1 (Figure 4A(i, iv), 4C). 

This demonstrates that the presence of catalytic PtNS in our 

Pt/Au@ZIF system is necessary to enhance NRR performance. 

Although Pt is known for its high affinity for H atom to promote 

HER,[6] we successfully use the ZIF coating to weaken the Pt-H 

interaction and enhance the preferential adsorption of N2 

through the metal-NZIF interaction. 

Lastly, the Pt/Au@ZIF exhibits >10-fold and >4-fold higher 

FE and NH3 yield rate as compared to dcim-Pt/Au system 

(Figure 4A(i-ii), 4C). This clearly demonstrates a three-

dimensional network structure of ZIF is more superior to a 

monolayer of dcim.  In addition to the electronically modified 

Pt/Au surfaces, the Pt/Au@ZIF exhibits catalyst-ZIF interfacial 

cavities to concentrate N2 gas directly on the catalyst surface to 

further promote their binding/interaction with N2 molecules, 
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which is unachievable using dcim-Pt/Au alone. Collectively, all 

three control experiments support our hypothesis that ZIF 

encapsulation is critical to boost NRR by >40 percentage points 

by modifying metal catalyst electronic structure and by imparting 

N2 concentrating and water repelling properties (Figure 4C). This 

valuable insight can help to boost the performance of traditional 

electrocatalysts and tune them toward high NRR activity.    

Corroborating experimental and in-silico studies unravel 

the molecular event occurring at the catalyst-ZIF interfacial 

cavity during NRR and affirm that the Pt-NZIF interaction is 

crucial to kinetically promote NRR performance (Figure 4D). The 

Pt-NZIF interaction induces d-band modification of Pt/Au 

nanocatalyst which weaken Pt-H formation and simultaneously 

creates electron deficient affinity sites for favorable N2 

adsorption. Subsequently, N2 gas and ethanol (proton source) 

are selectively infused into the ZIF scaffold and concentrated 

near the electrocatalyst surface for adsorption while the 

hydrophobic ZIF pores prevent trace water/moisture from 

reaching the electrocatalytic sites. The strong intermolecular 

interactions between N2 and ethanol near Pt/Au surface in the 

presence of an external voltage thus activates the 

electrochemical reduction of N2 to ammonia at ambient 

conditions. 

Conclusion 

In conclusion, our work highlights the importance of ZIF 

electronic surface modification on electrocatalyst to enhance 

NRR while suppressing HER by overturning the primarily 

favored H atom adsorption for N2 and restricting access of trace 

water to electrocatalyst surface. Importantly, our strategy 

successfully modifies the d-band structure of Pt/Au catalyst to 

kinetically boost NRR’s FE by >44-fold compared to the absence 

of ZIF (~ 1%). We also showcase the superiority of our 

electrocatalyst by achieving a high FE of > 40% and a high NH3 

yield rate of >130 µg.mgcat
-1.h-1 across wide reducing potentials. 

Experimental and DFT investigations jointly highlight the 

presence of N2 adsorption sites through the creation of electron 

deficient regions on Pt catalyst in Pt/Au@ZIF via the Pt/Au-NZIF 

interactions. Importantly, our in-silico adsorption energy profile 

rationalizes the origin of our improved NRR performances to the 

now favorable adsorption of N2 over H atom. Our ZIF-modified 

electrocatalytic design thus offers an attractive approach to 

effectively tackle the long-standing bottleneck in NRR — 

competing HER. Notably, our design is universal and can allow 

the facile integration with emerging active catalyst to further 

boost both NRR activity and selectivity. These valuable insights 

create enormous opportunities to design an ideal electrocatalytic 

system for high-performance and sustainable NRR even when 

utilizing atmospheric air as N2 and proton source. 
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Insert graphic for Table of Contents here.  

 

Electrochemical nitrogen reduction reaction (NRR) offers a solution towards green ammonia production but suffer from poor reaction 

performance due to preferential catalyst-H formation which leads to hydrogen evolution reaction (HER). Herein, we kinetically drive 

an ambient NRR with faradaic efficiency >44 % and ammonia yield rate >161 µg.mgcat
-1.h-1 by employing ZIF to induce electron 

deficient sites on catalyst and lower d-band to weaken catalyst-H interaction while promoting catalyst-N2 interaction.  
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