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Abstract: Electrochemically converting nitrogen (N3) into value-added ammonia (NH3) is
highly desirable yet formidably challenging due to the extreme inertness of the N> molecule,
which makes developing a robust electrocatalyst prerequisite. Herein, we report a new class of
bullet-like MTe (M=Ru, Rh, Ir) glassy porous nanorods (PNRs) as excellent electrocatalysts
for N> reduction reaction (NRR). The optimized IrTes PNRs present superior activity with the
highest NH3 yield (51.1 ug h'' mgca) and Faraday efficiency (15.3%) as well as long-term
stability of up to 20 consecutive cycles, making them among the most active NRR
electrocatalysts reported to date. Both the N> temperature-programmed desorption and

valence band X-ray photoelectron spectroscopy data show that the strong chemical adsorption
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of nitrogen species is the key for enhancing NRR and suppressing the hydrogen evolution
reaction (HER) of IrTes PNRs. DFT calculations comprehensively identify the superior
adsorption strength of IrTes adsorptions originates from the synergistic collaboration between
electron-rich Ir and the highly electroactive surrounding Te atoms. The optimal adsorption of
both N> and H>O in alkaline media guarantee the superior consecutive NRR process. This
work opens a new avenue for designing high-performance NRR electrocatalysts based on

glassy materials.
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Introduction

Ammonia (NH3), as a critical energy carrier, plays a key role in various fields such as
agriculture, medicine and chemical industries.['! The fixation of atmospheric nitrogen (N2) to
generate NH3 was mainly achieved by biological pathway before the 1900s, where the
features of being susceptible to inactivity and inefficiency of nitrogenase largely hindered
their practical application.!”! Subsequently, the Haber-Bosch process has been employed as a
large scalable method to produce NH3 in industry; however, high energy consumption (300-
500 °C and 150-300 atm) and large carbon dioxide emission (CO2) (1.5 tons of CO, per ton of
NH3 made) pose severe challenges to environmental pollution and ecological degradation.l!
As a milder, greener and more efficient strategy, electrochemical N> reduction reaction (NRR)
offers a more attractive way to N2 conversion.[*! However, the dissociation of highly inert N»
molecule renders the NRR difficult under atmospheric conditions due to the strong bond
energy of the N=N triple bond (940.95 kJ mol-1).) Moreover, the hydrogen evolution
reaction (HER), which has faster reaction kinetics under similar potential, is the major

competitive reaction during the NRR process.[®! Therefore, developing efficient catalysts with



robust activation ability to break the N=N triple bond for N> conversion while suppressing
HER is extremely desirable.

To overcome the above issues, several metallic elements with optimized nitrogen
binding ability have been reported as NRR electrocatalysts in experimental and theoretical
studies.”l However, the tendency of their surface to be easily covered by adsorbed H causes
the active site to drastically decrease for NRR.[®! Ultimately, the strategy of combining with
non-metals may be a practical way to weaken the binding of adsorbed H for suppressing HER.
Qiao et al. used layered W>N3; nanosheet with nitrogen vacancies as an active NRR
electrocatalyst under alkaline conditions, where the Faradic efficiency (FE) and NHj3 yield
achieved were 11.6 ug h'' mg'e and 11.67%, respectively.”) Despite the improvement in
individual metrics, achieving desirable NRR activity while largely suppressing HER still
remains a challenge. Glassy materials, also called amorphous materials, offer promising
potential as a class of robust materials for electrochemical NRR because of their unique
features, such as disordered arrangement of atoms and outstanding corrosion resistance.['”) In
particular, the abundant dangling bonds of the glassy material provide more defect sites than
its crystalline counterpart and serve as trap sites to capture metastable electrons and inert gas
molecules, resulting in enhanced adsorption on the catalysts.['!) It is also possible to transfer
electrons into the antibonding orbital of the N=N triple bond, causing an increase in energy
and hence activating the adsorbed N,.!'?l Therefore, creating materials with more active sites
via amorphization can be a desirable strategy to enhance nitrogen adsorption and suppress
hydrogen adsorption for boosting NRR catalysis.

Herein, a class of glassy bullet-like MTe (M=Ru, Rh, Ir) porous nanorods (PNRs) were
synthesized by using a facile large-scalable hydrothermal method as superior NRR
electrocatalysts. The optimized IrTes PNRs have demonstrated excellent NRR activities with
the highest FE and NHj3 yield of up to 15.3% and 51.1 ug h' mglc, respectively, which

outperform many reported NRR catalysts (Table S1). The IrTes PNRs also show long-term
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stability up to 20 consecutive cycles with no obvious activity degradation. The strong
adsorption between nitrogen species and catalyst is the main reason for increasing NRR
activity while suppressing HER performance, as revealed by both the N> temperature-
programmed desorption (N>-TPD) and valence band X-ray photoelectron spectroscopy (VB
XPS). Density Functional Theory (DFT) calculations further demonstrated that the glassy
IrTes PNRs have excellent NRR selectivity with the lowest energy barrier for NRR and the
highest energy barrier for HER when compared with those of RhTes PNRs and RuTes PNRs,

ultimately leading to high NRR activity and selectivity of IrTes PNRs.

Results and Discussion

An efficient hydrothermal approach was used to prepare the glassy IrTes PNRs by using
potassium tellurite (K>TeO3) and sodium hexachloroiridate (III) hydrate (ClgH2IrNaO3) as
metal precursors. Morphology and structure of IrTes PNRs were characterized by high-angle
annular dark-field scanning transmission electron microscopy (HAAD-STEM) (Figure 1a). It
is clearly shown that the products exhibit a one-dimensional nanostructure with the average
diameter and length of 16.7 £ 2.6 nm and 96.8 + 6.5 nm, respectively. When the TEM image
of IrTes PNRs was amplified, the porous bullet-like profile was clearly observed (Figure 1b
and Figure S1). As shown in Figure Ic, a large number of blurred regions without regular
atomic arrangement can be observed by high-resolution TEM (HRTEM), implying that the
IrTes PNRs are glassy. Selected-area electron diffraction (SAED) pattern revealed a halo
image of concentric circles, which is also a typical feature of glassy materials (inset in Figure
Ic). To further investigate the crystalline structure of this unique porous structure, powder X-
ray diffraction (PXRD) was performed. As shown in Figure 1d, no diffraction peaks could be
found for IrTes PNRs, which is consistent with the HRTEM image. The molar ratio of Ir/Te
was 1:4, as determined by scanning electron microscopy energy-dispersive X-ray

spectroscopy (SEM-EDS) and inductively coupled plasma atomic emission spectrometry
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(ICP-AES) (Figure le and Table S2). The STEM-EDS element mappings revealed that Ir and
Te were distributed evenly in the PNRs (Figure 1f). All the detailed characterizations
collectively confirmed the successful creation of glassy IrTes PNRs.

Importantly, the synthetic method is versatile and can be extended to other tellurides,
such as RuTes and RhTes. Interestingly, the RuTes PNRs and RhTes PNRs were successfully
created with similar profiles as IrTes PNRs (Figure 2a,e and Figure S2). The HRTEM images
showed a large number of fuzzy areas without clear lattice fringes (Figure 2b,f). Further, the
findings of the SAED images are consistent with those of glassy materials (Figure S3). To
further confirm the glassy feature of RuTes PNRs and RhTes PNRs, PXRD characterizations
were carried out; only a featureless pattern can be observed without obvious diffraction peaks
(Figure 2c,g). The molar ratios of RuTes PNRs and RhTes PNRs were also each
approximately 1:4 and only a slightly increased size can be observed for RhTes PNRs (Figure
S4, S5 and Table S2). Their element distributions were revealed by STEM-EDS element
mappings, in which the Ru/Rh and Te were distributed uniformly along the PNRs (Figure
2d,h). Additionally, Te NWs and IrTe PNRs with different molar ratios were also prepared as
catalytic references (Figure S6-8). Since similar Ir, Ru, and Rh NWs could not be generated
without the addition of potassium tellurite (Figure S9), we prepare the Ir PNRs by
electrochemical etching of IrfTe PNRs under 1.0 M KOH solution for 500 cyclic
voltammograms (Figure S10).

To assess electrocatalytic activity, the NRR measurements of MTe PNRs were carried
out in 0.1 M KOH with a typical H-type cell. The polarization curves of various catalysts
were obtained by using the linear sweeping voltammetry method (Figure 3a). Compared with
IrTes PNRs and Te NWs, an obvious enhanced current density under the same conditions can
be observed for RuTes PNRs and RhTes PNRs, suggesting that the different current response
for MTe PNRs. The chronoamperometry method was used to further explore the NRR

performances under different potentials (Figure S11). The products of NH3; and hydrazine
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(N2H4) were analyzed by spectrophotometry (Figure S12, 13). The average yields of NH3 are
shown in Figure 3b, where the IrTes PNRs exhibited a volcano-like FExu3 as a function of
applied voltage. Clearly, the IrTes PNRs showed the highest FEnus (15.3%) and the highest
NH; yield (51.1 pg h! mglea) at -0.2 V versus a reversible hydrogen electrode (vs. RHE),
which are superior to those of many reported NRR electrocatalysts (Table S1). A slow activity
decline was observed when the applied voltages were increased, which is likely caused by the
competitive adsorption of hydrogen and nitrogen species on the catalytic sites (Figure S14).[%]
Very small amounts of NoHs as byproducts were detected in the electrolyte at different
potentials (Figure S15). For comparison, NRR measurements for RuTes PNRs, RhTes PNRs,
Ir PNRs and Te NWs were also carried out in similar conditions. We can see that all MTey
PNRs showed greatly enhanced NRR performances compared with Te NWs (8.0 pg h™' mg
lat). The average NHj3 yields of RuTes PNRs and RhTes PNRs were 30.4 pug h'!' mgca and
43.7 ng h'! mg ', respectively, which are lower than that of IrTes PNRs (51.1 pg h™! mgca)
at -0.2 V vs. RHE. The RuTes PNRs and RhTes PNRs exhibited reduced FExn3 due to the
competitive adsorption of hydrogen species on RuTes PNRs and RhTes PNRs, which is
higher than that of IrTes PNRs (Figure 3¢ and Figure S16). Similarly, RuTes PNRs and RhTes4
PNRs also showed the highest average NH3 yield and FE at -0.2 V vs. RHE (Figure S17a,b).
To obtain the optimized IrTe PNRs for NRR, the IrTe PNRs with different molar ratio of
Ir/Te were further tested (Figure S17c,d). The IrTe, PNRs exhibited unsatisfactory activity
with low NH3 yield and small FE, which were significantly inferior to those of IrTes PNRs.
For IrTes PNRs, significant NH3 yields and FE decreases can also be observed, demonstrating
that the presence of the appropriate concentration of Ir plays a key role in N> fixation. Indeed,
excessive Ir favors the competitive adsorption of hydrogen species, which results in a
remarkable FEnu3 decrease but a significant FEn> enhancement (Figure S18). The sharply
decrease in NH3 FE and the significantly increased H» yield and FEn» of Ir PNRs demonstrate

that pure Ir favors hydrogen production (Figure S19). The NH3 yield and corresponding
6



FEnn3 of IrTes PNRs at -0.2 V vs. RHE have been carried out at different N> flow rates.
However, the similar NH3; yield and FE demonstrate that the NRR performance is
independent of the gas flow rate (Figure S20). To prove the NH3 generated from NRR process
catalyzed by IrTes PNRs, 'H nuclear magnetic resonance (NMR) was used to analyze the
electrolyte by using '“N» and '°N; as feeding gas, respectively (Figure 3d and Figure S21).
Additionally, "“NH4CI and '"'NH4Cl were performed as a reference. The signals were further
split, which was caused by mutual interference of hydrogen on the ammonium ions.['* The
coupling constant of 53.0 Hz can be observed for *NH*" when employed '“N; as feeding gas,
which is the same as that of "“NH4". However, the NMR spectra of the electrolyte after
electrolysis under >N, atmosphere show a similar coupling constant and peak shapes as
commercial "NH4", demonstrating that the NH; was indeed produced during the NRR
process. Finally, a control experiment was also conducted under Ar flow, where the negligible
UV-vis absorbance of NH3 and NoH4 confirmed that the nitrogen source was derived from the
supplied N2 (Figure S22). Additionally, no obvious ""NH4" NMR signal can be detected when
N> was electrolyzed by IrTes PNRs at open circuit, demonstrating negligible solvent residues
(Figure S23).

To explore the durability of IrTes PNRs, cycling tests of IrTes PNRs at -0.2 V vs. RHE
were performed (Figure 3e). No significant fluctuations in NH3 yield and corresponding FE
were found after 20 consecutive cycles, which is a result of the outstanding chemical stability
and strong corrosion resistance of glassy materials.!!>! The high catalytic durability was also
confirmed by chronoamperometry measurements, where limited current change was observed
after 40 h at -0.2 V vs. RHE (Figure S24). Moreover, the yield of NH3 increased as the
electrolysis time, further demonstrating the excellent stability of IrTes PNRs (Figure S25-S26).
To determine the morphological and structural stability, detailed characterizations of IrTe4
PNRs were performed. Only Te (0) XPS peaks were reduced, indicating that negligible

change in the electronic structure occurred during the catalysis, but a small amount of Te (0)
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was dissolved (Figure S27). In addition, the porous IrTes PNRs with bullet-like profile and
glassy feature were largely maintained. The STEM-EDS elements mappings of IrTes PNRs
revealed that the Ir and Te were still distributed homogenously along the PNRs (Figure S28).
To evaluate the intrinsic activity of MTe PNRs, the double-layer capacitance (Ca) was
performed in Figure S29, which is correlated with the electrochemical active surface area.!'¢]
The Ca values increased from IrTes PNRs to RhTes PNRs and RuTes PNRs, indicating that
ECSA improved HER process rather than NRR. The adsorption of intermediate species on the
catalytic sites, as a crucial factor for electrocatalysis, is closely related to the valence electron
state of catalysts. The average energy of the d-electron is employed as a practical means to
predicate and describe the binding strength between the catalyst and the adsorbate.!'”]
Generally, a higher d-band center (relative to the Fermi level) represents a stronger adsorbing

8] To this end, VB XPS measurements of various catalysts were made (Figure 4a).

ability.
Compared with Te NWs, the d-band center of MTes PNRs gradually shifted to the Fermi level,
indicating the enhanced binding strength after incorporation of different metals, in which the
IrTes PNRs showed the strongest affinity for the adsorbed species. Moreover, considering the
connection between binding strength and NRR performance, the volcano map is established
as a function of the d-band center for comparison (Figure 4b). Specifically, IrTes PNRs with
the highest NH3 yield exhibited the lowest d-band center (relative to the Fermi level),
suggesting that the strong adsorbing ability is the key to promote the NRR activity. To further
demonstrate the strong chemical adsorption of N> on MTes PNRs, N>-TPD was performed. As
shown in Figure 4c, the N» desorption peak of Te NWs was located at 440 °C. Interestingly,
the peaks appeared at higher temperature after incorporation of different metals, in which the
adsorption peak of IrTes PNRs was located at the highest temperature, indicating the strong
chemical adsorption between N> and IrTes PNRs. Based on the above analysis, a possible

associative alternating pathway for IrTes PNRs can be depicted by a schematic diagram

(Figure 4d). Specifically, when N> approaches the surface of the IrTes PNRs, nitrogen species
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tend to be adsorbed on the catalytic sites on account of their d-band center being close to the
Fermi level, endowing them with a stronger absorbability to N>. Then, a single hydrogenation
step alternately occurs on two N atoms to break the N=N triple bond and form a N-H bond.
Subsequently, two NH3 molecules are successively released from the surface of the IrTes
PNRs in preference to NoHs due to the strong chemisorption between catalyst and nitrogen
species.

DFT calculations reveal the electroactivity comparison between glassy MTe porous
structures. All the glassy structures show abundant varied coordinated transition metals within
the highly disordered lattice, supporting the loss of crystalline. Compared to RhTes and RuTes,
the electronic distribution in IrTes shows slightly stronger mixing of anti-binding and bonding
orbitals near Fermi level (Er), indicating efficient electron transfer between Rh and
surrounding Te atoms (Figure S30). Though the overall d-band center has been characterized
by the XPS, the detailed look into the individual electronic structures of metal and Te are still
needed. The projected partial density of states (PDOS) shows that the Ir-5d bands show the
dominant peak at the lowest position, indicating a relatively electron-rich character. On the
contrary, the dominant bands of Ru-4d bands occupy the highest position near the Fermi level
(Er) (Figure 5a). Meanwhile, the Te-4p bands display the opposite trend with the d-band
PDOS, in which the Te-4p bands in IrTes are the most electroactive with highest position of
the dominant peak. More importantly, the Te-4p bands cross the Er, supporting the electro-
activation of Te in the glassy IrTe PNR (Figure 5b). The PDOS of key reactants H>O shows a
good orbital overlapping with the Ir-5d bands, demonstrating a good H>O dissociation ability
for the consecutive NRR process. The N> bands show a similar gap with the d bands of the
glassy MTe PNR (Figure Sc). Thus, we have supplied the proposed mechanism to illustrate
the superior NRR performance of IrTe PNR. Ir plays as the electron magnet to fix H,O and
dissociate the H-O bonds for NRR process in the alkaline environment. The surrounding

electroactive Te atoms significantly pump the electrons towards the adsorbates N> for further
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efficient hydrogenation (Figure 5d). The optimized structural configurations of the optimal

adsorption sites also support the proposed mechanism (Figure Se).

Additionally, we investigate the superior NRR performance from energetic view.
Notably, the initial hydrogenation of IrTes PNR shows is more energetically favorable. The
largest reaction barrier occurs at the final formation of the second NH3 with a barrier height of
0.44 eV. On the contrary, the RuTes PNR shows the largest energetic barrier of 0.88 eV at the
formation of [*NH;], which is much larger than that of [rTe4 PNR. The RhTes PNR shows a
similar performance with RuTes PNR, which is consistent with the experiments. Therefore,
the IrTes shows the lowest overpotential, which guarantees efficient NRR (Figure 5f). In
addition, the adsorption of both N> and H>O are critical to guarantee an efficient NRR. IrTes
PNR shows the evident advantages in adsorption of N> and H>O with the lowest energies,
confirming their superior NRR performance (Figure 5g). In the end, we also consider the
competitive HER process. In both RuTes PNR and RhTes PNR, HER is much more favorable
than the NRR process with a much lower energy barrier of 0.17 eV and 0.20 eV, respectively.
However, IrTes PNR shows the much larger energy barrier of HER in alkaline media of 0.33
eV. The overall endothermic HER process in IrTes PNR enhances the performance of NRR
based on the evidential suppression of HER (Figure Sh). Thus, the FEnu3 of MTes PNRs in
the experimental observation followed by IrTes PNRs > RhTes PNRs > RuTes PNRs is highly
consistent with the electronic structure environment with the corresponding adsorption

behaviors.

Conclusion
In summary, we have successfully explored and demonstrated a universal approach to
create glassy bullet-like MTe PNRs (M=Ru, Rh, Ir) as efficient NRR electrocatalysts. Notably,

all the glassy MTe PNRs exhibited robust performance for N; electroconversion, in which the
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IrTes PNRs showed superior NRR performance with the highest NH3 FE (15.3%) and NH3
yield (51.1 ug h! mg'cat) as well as low FE for HER, simultaneously realizing enhanced NHj
conversion efficiency and suppressed HER process. Importantly, the IrTes PNRs can also last
up to 20 consecutive cycles with no significant performance degradation. We found that the
enhanced NRR process and suppressed HER pathway can be attributed to the strong
adsorbing ability of the nitrogen species on the catalysts. DFT calculations explain the
reaction mechanism of alkaline NRR in IrTes PNR regarding both electronic structure and
energetic pathway, in which Ir dissociates the H>O and pump the electrons to Te for stable
fixation of N». The efficient electron transfer on the glassy IrTes PNR leads to the remarkable
performance of NRR. This work provides a new perspective to develop high-performance

catalysts with glassy structure for enhanced electrocatalysis and beyond.
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FIGURES
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Figure 1. (a) HAAD-STEM image

SEM-EDS spectrum and (f) STEM-EDS element mappings of IrTes PNRs. The inset in (c) is

the SAED pattern of IrTes PNRs.
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Figure 2. (a) HAAD-STEM image, (b) HRTEM image, (¢) PXRD pattern and (d) STEM-
EDS element mappings of RuTes PNRs. (¢) HAAD-STEM image, (f) HRTEM image, (g)

PXRD pattern and (h) STEM-EDS element mappings of RhTes PNRs.
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Figure 3. (a) Polarization curves of MTes PNRs under ambient conditions. (b) Histograms of
average NHj3 yield rate and corresponding FE at different applied potentials. (c¢) His-tograms
of average NHj3 yield rate and corresponding FE of various catalysts at -0.2 V vs. RHE. (d) 'H
NMR spectra of *NH4Cl and 'SNH4Cl, and the electrolyte produced from the NRR test of
IrTes PNRs by using “N; and N, as feeding gas. (¢) Cycling test of IrTes PNRs at -0.2 V vs.

RHE.
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Figure 4. (a) Surface valence band photoemission spectra of MTes PNRs. The white bars in
(a) highlight the d-band center of MTes PNRs. (b) NH3 yield of MTes PNRs (at -0.2 V vs.
RHE) as a function of the E-Ef parameter. (c) The No-TPD profiles of MTes PNRs. (d)
Schematic depiction of the proposed mechanism for NRR on IrTes PNRs. The blue, orange,

white, and red balls represent the N, Te, H and Ir atoms, respectively.
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Figure 5. (a) The PDOS of d band. (b) The PDOS of 4p band of Te. (¢c) The PDOS of key
adsorbates in NRR. (d) The proposed electron transfer mechanism in the MTe PNR. (e)
Optimized configuration of key adsorbates. (f) Energetic diagram of NRR of MTe PNRs. (g)
Adsorption energy comparisons of N> and H>O. (h) The energetic pathway of HER in the

MTe PNR.
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A General Strategy to Glassy M-Te (M=Ru, Rh, Ir) Porous Nanorods

as Efficient Electrocatalysts for N2 Reduction

Juan Wang, Yujin Ji, Rongguan Yin, Xing Zhu, Youyong Li, Qi Shao, and Xiaoqing Huang"

TOC figure

Glassy MTe porous nanorods (PNRs) with bullet-like profile were successfully
synthesized for the first time, and adopted as as efficient electrocatalysts for N> reduction
reaction (NRR). Due to their energetic-favorable NRR pathway and suppressed HER process,
the optimized IrTes PNRs present superior activity with the highest NH3 yield (51.1 pg h’!
mglca) and Faraday efficiency (15.3%) as well as long-term stability of up to 20 consecutive
cycles under ambient conditions, making them among the most active NRR electrocatalysts

reported to date.
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