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NO−
3 CO2
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Development of highly efficient electrocatalysts for selective electrore-
duction of nitrate is of great significance. In this work, the ultrathin inter-
metallic  platinum-tellurium  metallene  (PtTe-ML)  with  atomic  thickness
is synthesized by simple liquid-phase chemical reduction. The introduc-
tion of Te atoms can sharply weaken the catalytic activity of Pt for the hy-
drogen  evolution  reaction.  And,  PtTe-ML  exhibits  superior  catalytic
activity for the nitrate reduction reaction (NO3

−-ERR) than Pt black. In 0.5
M H2SO4 solution, PtTe-ML achieves an effective ammonia (NH3) produc-
tion rate of 2.32 mg h−1 mgcat

−1 and a Faradic efficiency of 95.5% at −0.04
V potential  for  NO3

−-ERR.  Meanwhile,  the entry of  Te atom isolates the
continuous Pt active site and increases the proportion of the direct dehydrogenation pathway of the formic acid oxida-
tion reaction (FAOR). Therefore, PtTe-ML also exhibits excellent FAOR activity due to the optimization of FAOR pathway.
Then, anodic FAOR with low anodic oxidation potential is used to replace the oxygen evolution reaction with slow kinet-
ic, so that the total electrolytic voltage of conventional electrochemical NH3 production can be effectively reduced. Con-
sequently, the bifunctional PtTe-ML electrocatalyst requires only 0.4 V total voltage for FAOR assisted NH3 electropro-
duction. This work demonstrates a reaction coupling strategy to significantly improve the utilization rate of electric en-
ergy in electrochemical synthesis.

 
 

N itrate (NO3
−) is one of the main species of nitrogen

pollutants.  The  increasing  level  of  NO3
− pollution

in water seriously endangers the environment and
human health.[1,2] NO3

− is  difficult  to recover,  while ammoni-
um  nitrogen  (NH4

+)  can  be  recovered  directly  as  fertilizer  or
converted to ammonia (NH3).  NH3 is expected to be the next
generation of energy carriers because of its high energy dens-
ity  and  no  pollution  emissions.[3–5] Currently,  industrial  NH3

production is mainly by the Haber-Bosch method through the
combination reaction of nitrogen (N2) and hydrogen (H2) un-
der high temperature and pressure conditions. However, this
method has harsh synthesis conditions and high energy con-
sumption. As an alternative, the electroreduction of N2 to NH3

has also received attention in recent years. However, the yield
and Faradaic efficiency of NH3 remain limited in most studies
due to the high N≡N dissociation energy (941 kJ mol−1) in N2

molecule,  the  interference  of  hydrogen  evolution  reaction
(HER)  and  the  solubility  limitation  of  N2 in  H2O.  In  contrast,
the N=O bond in NO− has a lower dissociation energy (204 kJ
mol−1)  than  that  of  the  N≡N  bond.[6–8] Thus,  the  electro-

chemical  NO3
− reduction reaction (NO3

−-ERR) is  considered a
promising  strategy  for  low-temperature  NH3 synthesis.
Moreover, the conversion of NO3

− into usable NH3 also solves
the NO3

− pollution problem.
NO3

− electroreduction  to  ammonia  (NO3
−-to-NH3)  is  a

multi-electron  reduction  process  (NO3
−+9H++8e−→NH3+

3H2O) involving the transfer of 9 protons and 8 electrons.[9–11]

Concurrently, various undesired by-products (i.e., NO2, N2 and
N2H4)  are  usually  unavoidable.  Therefore,  the  selectivity  and
Faradic  efficiency  of  NO3

−-to-NH3 are  relatively  low.  To
achieve  efficient  conversion  of  NO3

−-to-NH3,  various  metal
catalysts,  such  as  Pt,[12–14] Ru,[15] Rh,[16] Ir,[17] Pd,[18] Ag,[19]

Sn,[20] Cu,[21] Co,[22] etc., have been investigated for NO3
−-ERR.

The  reaction  pathway  at  metal  electrodes  generally  involves
first  the  conversion  of  nitrate  to  nitrite  (NO3

−→NO2
−)  and

then the formation of strongly adsorbed NO.[23] However, the
initial adsorption of NO3

− species is weak, which is strongly re-
strained by some co-adsorbates (e.g., HSO4

− ion and H atom).
Therefore, the electroreduction of NO3

− in H2SO4 solution is a
great challenge for metal electrodes with strong adsorptivity
for HSO4

− and H species.
Among  these  metal  materials,  Pt-based  materials  are  able

to achieve electrochemical  NO3
− reduction at a smaller over-

potential in the absence of other interfering adsorbates.[13] To
further  improve  catalytic  activity  and  selectivity  morphology
control and component modulation can be used to design Pt-
based catalysts. For example, metallene with two-dimension-
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al (2D) characteristics has an ultrathin structure at the atomic
level,  which  shows  great  potential  as  a  candidate  for  highly
efficient  catalyst  due  to  structural  advantages  such  as  short
carrier  diffusion  paths,  high  specific  surface  area,  ample  va-
cancy-type defects, and abundant exposed edge atoms.[24–27]

In  terms  of  composition,  various  bimetallic  electrocatalysts
have  demonstrate  better  NO3

−-ERR  activity  compared  to
monometallic  catalysts.[28,29] Bimetallic  effects  (i.e.,  electronic
and ligand effects) can effectively regulate the adsorption en-
ergy  of  intermediates  on  active  sites  during  NO3

−-ERR  and
largely affect the NO3

− conversion efficiency and product se-
lectivity.  In  addition,  as  a  unique  bimetallic  material,  inter-
metallic compounds with ordered crystal structures often ex-
hibit  superior activity and durability compared to disordered
substituted  alloys.[30–34] From  the  above  analysis,  the  design
and development of Pt-based metallene with ordered atomic
structure  is  expected  to  promote  the  directional  conversion
of NO3

−-to-NH3.
For  the  actual  NO3

− reduction  technology,  the  cathodic
NO3

−-ERR  and  the  anodic  oxygen  evolution  reaction  (OER)
form  a  loop  in  the  electrolysis  process.  Unfortunately,  the
sluggish and complex OER kinetics usually requires an anode
potential  greater  than 1.5 V to drive,  which limits  the overall
electrolysis  efficiency.  Therefore,  in view of  practicability and
cost, it may be possible to replace OER with other electrooxid-
ation reactions with low oxidation potential. For example, the
anodic  electrooxidation  of  organic  small  molecules  as  an  al-
ternative  to  OER  electrolysis  for  hydrogen  production  has
been  extensively  studied.[35–38] However,  the  introduction  of
favorable small  molecule oxidation reactions to enhance the
electrochemical production of NH3 has not been discussed in
depth. Formic acid (HCOOH) is considered as an excellent en-
ergy carrier due to its low toxicity, accessibility and non-flam-
mability.[39–42] The formic acid oxidation reaction (FAOR) only
requires  two  electrons  and  two  protons  for  complete  oxida-
tion to CO2 and has onset an oxidation potential about 0.1-0.2
V.[43] Therefore,  replacing the anodic OER with FAOR may be
an effective and valuable strategy to reduce the total electro-
lytic voltage for NH3 electroproduction.

In this work, intermetallic PtTe metallene (PtTe-ML) with ul-
trathin  thickness  is  easily  synthesized  by  a  simple  liquid-
phase  chemical  reduction  method,  which  shows  excellent
electroactivity for both NO3

−-ERR and FAOR. Due to the 2D ul-
trathin  morphology  and  the  interaction  between  Pt  and  Te
atoms,  PtTe-ML  exhibits  significantly  enhanced  electrocata-
lytic  performance,  in  which  the  NH3 production  rate  for  the
electrocatalytic  conversion of  NO3

−-to-NH3 is  2.32 mg  h−1

mgcat
−1 at −0.04 V potential with a Faradic efficiency of 95.5%.

Besides,  PtTe-ML  optimizes  the  reaction  pathway  of  FAOR,
which achieves a significant negative shift in the onset oxida-
tion  potential  of  FAOR  (0.125  V).  Thus,  bifunctional  PtTe-ML
can  realize  energy-saving  electrochemical  NH3 production
during the FAOR assisted NO3

−-ERR.

 Experimental section

 Reagents and chemicals
Platinum  acetylacetonate  (Pt(acac)2),  telluric  acid  (H6TeO6,

98%),  and formic  acid  (HCOOH) were obtained from Aladdin
Industrial  Co.,  Ltd.  N,N-dimethylacetamide  (C4H9NO),

polyvinylpyrrolidone  (PVP,  average  molecular  weight 5000),
acetone  (C3H6O),  and  ethanol  (C2H5OH)  were  acquired  from
Sinopharm  Chemical  Reagent  Co.,  Ltd.  Commercial  Pt  black
was achieved from Johnson Matthey Corporation (Figure S1).

 Synthesis of PtTe-ML
30 mg of Pt(acac)2 and 13 mg of H6TeO6 were added in 30

mL of N,N- dimethylacetamide, and then 600 mg of PVP and
0.06 mL of formic acid were added. After 30 min, the mixture
was poured into a Teflon pressure reactor. After injecting CO
to  0.5  bar,  the  mixture  was  heated  to  160  °C  and  kept  for  2
hours  under  magnetic  stirring.  Finally,  the  product  was
washed  3  times  with  a  mixture  of  acetone  and  ethanol  and
freeze-dried.

 Physical characterization, electrochemical test, theor-
etical calculation, and detection of products

The  experimental  details  about  physical  characterization,
electrochemical test, theoretical calculation, and detection of
products were provided in Supplemental Information.

 Results and discussion

 Characterization of PtTe-ML
PtTe-ML  was  synthesized  by  liquid-phase  chemical  reduc-

tion method with Pt(acac)2, H6TeO6, HCOOH, PVP and N,N-di-
methylacetamide as raw materials (Scheme 1). The powder X-
ray  diffraction  (XRD)  data  of  the  product  matches  well  with
the  standard  XRD  data  (PtTe  JCPDS  no.  22-0783),  indicating
the successful synthesis of PtTe intermetallic compound (Fig-
ure 1a).  Energy  dispersive  X-ray  spectroscopy (EDX)  data  fur-
ther  confirms  that  the  product  contains  Pt  and  Te  elements
with an atomic ratio of Pt/Te of 50.07:49.93, close to the the-
oretical  atomic  ratio  (1:1)  of  PtTe  intermetallic  compound
(Figure 1b).

X-ray  photoelectron  spectroscopy  (XPS)  characterization
were performed to analyze the valence and electronic proper-
ties of Pt and Te atoms in PtTe-ML. The XPS survey spectrum
confirms that PtTe-ML consists of Pt and Te elements (Figure
S2).  Pt  4f and  Te  3d spectra  were  fitted  as  double  peaks  in-
cluding both metals and metal oxides. The peaks at 71.55 eV
and 74.88 eV correspond to Pt0 4f7/2 and Pt0 4f5/2, respectively.
The Pt0 4f7/2 binding energy of PtTe-ML is located at 71.55 eV
(Figure 1c), which is positively shifted by 0.35 eV compared to
the standard value (71.20 eV) of Pt metal, indicating the Pt in
PtTe-ML  is  electron-deficient.  The  binding  energy  of  Te  in
PtTe-  ML  (3d5/2=572.90  eV)  is  negatively  shifted  by  0.20  eV
compared to the standard binding energy of Te (3d5/2=573.10
eV)  (Figure 1d),  revealing the transfer  of  electrons from Pt  to
Te.  In  fact,  according  to  the  electronegativity  (χ),  the  elec-
trons tend to flow from Te (χTe=2.1) to Pt (χPt=2.2). This anom-
alous  XPS  result  may  originate  from  the  strong  interaction

Pt(acac)2

HCOOH
H6TeO6

C4H9NO

160 °C
CO

Stirring
PtTe-ML

 
Scheme 1    Schematic illustration for PtTe-ML synthesis.
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between Pt and Te in the PtTe intermetallic compound.[33,44,45]

Transmission electron microscopy (TEM) image shows that
PtTe-ML has a typical 2D sheet structure (Figure 2a). The con-
trol experiments show that PVP plays an important role in the
morphology control  of  PtTe,  which ensures  the formation of
ultra-thin 2D structure (Figures S3). According to the size his-
togram, the average broadening of individual nanosheets size
is  about 90 nm. The lattice spacing measured on the magni-
fied HRTEM image is 0.283 nm and 0.198 nm (Figure 2b), cor-
responding to the PtTe(111) and PtTe(020) crystal  planes,  re-
spectively.  The  dark  region  in  the  magnified  HRTEM  pattern
corresponds  to  the  nanosheet  perpendicular  to  substrate,
which  can  be  applied  to  preliminarily  evaluate  the  thickness
of  2D nanosheet.  The  width  of  the  linear  region is  about  2.0
nm (Figure 2b), indicating the thickness of PtTe-ML. The selec-
ted area electron diffraction (SAED) pattern of PtTe-ML is co-
incident  with  the  crystallographic  properties  of  PtTe  inter-
metallic compound (Figure 2c). High-angle annular dark-field
scanning TEM (STEM) image (Figure 2d) reveals the presence
of folds between PtTe-ML nanosheet layers, which effectively
suppresses  inter-sheet  stacking  and  facilitates  mass  transfer.
In  contrast  to  the  weak  luminescence  of  the  substrate,  the
thin nature of the nanosheets is implied. Furthermore, atom-
ic  force microscopy (AFM) image and associated height  data
confirm that the thickness of 2D nanosheets is only about 2.0
nm (Figure 2e).  EDX patterns  and line scan results  show that
Pt and Te are uniformly distributed in the sample (Figure 2f).
The  above  results  fully  demonstrate  the  successful  synthesis
of the PtTe-ML intermetallic compound.

 The cathodic NO3
−-ERR at PtTe-ML

Electrochemical  measurements  were  carried  out  in  an  H-

type  electrolyzer  using  a  conventional  three-electrode  sys-
tem to study NO3

−-ERR activity of PtTe-ML at 30 °C . All poten-
tials  mentioned in the work correspond to the reversible hy-
drogen  electrode  potential  (RHE).  Herein,  linear  sweep
voltammetry (LSV) tests were carried out in 0.5 M H2SO4 + 50
mM  KNO3 electrolyte  and  0.5  M  H2SO4 electrolyte,  respect-
ively.  The obtained LSV curve in 0.5 M H2SO4 + 50 mM KNO3

shows a greater cathodic current with respect to that in 0.5 M
H2SO4, confirming that PtTe-ML have an electrocatalytic activ-
ity  for  NO3

−-ERR (Figure 3a).  In  contrast,  commercial  Pt  black
exhibits a lower reduction current after adding KNO3 to elec-
trolyte,  suggesting  a  poor  NO3

−-ERR  activity  (Figure  S4).  In
fact,  NO3

−-ERR  and  HER  will  compete  for  active  sites,  so  HER
activities of PtTe-ML and commercial Pt black will  directly af-
fect their NO3

−-ERR activities. As expected, the HER activity of
PtTe-ML  is  much  lower  than  that  of  commercial  Pt  black,
which  means  that  PtTe-ML  have  more  active  sites  for  NO3

−-
ERR under the same potential, resulting in boosted NO3

−-ERR
activity. For commercial Pt black with a high HER activity, the
initial adsorption of NO3

− on Pt atoms is severely inhibited by
co-adsorbates  H  (Figure  S4).  These  electrochemical  data  re-
veal  that  the  introduction  of  Te  weakens  the  intrinsic  HER
activity of Pt in PtTe-ML (Figure S5), which enhances its NO3

−-
ERR activity.

The selectivity  of  PtTe-ML in  the NO3
−-to-NH3 process  was

further evaluated at different applied potentials (Figure S6a).
After the chronoamperometry test, NH3 in the electrolyte was
detected  by  ultraviolet-visible  (UV-vis)  spectroscopy  (Figure
S6b) and the Faradic efficiency and NH3 yield were calculated
from the corresponding calibration curves (Figure S7).  In  the
range  from  −0.01  to  −0.1  V  potential,  both  the  Faradaic  effi-
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Fig. 1    a XRD pattern and b EDX spectrum of PtTe-ML. c Pt 4f and d Te 3d XPS spectra of PtTe-ML. The blue dotted lines in 1c and 1d repres-
ent the standard binding energy values of Pt and Te, respectively.
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ciency of NO3
−-ERR and NH3 yield show volcano-like variation,

reaching  a  maximum  at  −0.04  V  (Figure 3b).  Specifically,  the
NH3 yield and the Faradaic efficiency of NO3

−-ERR on PtTe-ML
are  2.32  mg  h−1 mgcat

−1 and  95.5%  at  −0.04  V,  respectively,
which are much bigger than that of commercial Pt black (0.28
mg  h−1 mgcat

−1 and  6.8%)  (Figure 3c).  In  addition,  PtTe-ML
also shows higher Faradaic efficiency and NH3 yield of  NO3

−-
to-NH3 than  most  reported  electrocatalysts  (Table 1),  further
confirming the high NO3

−-ERR activity of PtTe-ML. To investig-
ate  the  durability  of  PtTe-ML  for  NO3

−-ERR,  six  consecutive
electrolysis  cycles  were performed.  At  −0.04 V,  the NH3 yield
and the Faradaic efficiency did not fluctuate significantly over
the six reaction cycles, implying the PtTe-ML processes good
durability  for  NO3

−-ERR  (Figure 3d).  During  20  h  of  NO3
−-ERR

electrolysis,  the  current  density  exhibits  little  variation  (Fig-
ure  S8).  After  long  time  electrolysis,  TEM  (Figure  S9a),  EDX
(Figure S9b) and XPS (Figures S9c and S9d) characterizations
reveal that the morphology, component, and valence state of
PtTe-ML  are  almost  unchanged,  suggesting  the  good  stabil-
ity of PtTe-ML for NO3

−-ERR.
To clarify the origin of NO3

−-ERR activity, density functional
theory (DFT) calculations were carried out to understand the
reaction mechanism of NO3

−-ERR on PtTe-ML. The Pt(111) and
PtTe(111)  surfaces  were  constructed  to  gain  insight  into  the
Pt  electronic  structure  and  the  adsorption  behaviours  of  H*,
NO3* and intermediates (Figure 4a).  The projected density of
states  (PDOS)  analysis  disclosed  that  Te  atoms  on  the

PtTe(111) surface regulate the 5d orbitals of Pt, showing a left
shifted PDOS and a downshifted d band center (εd=−3.15 eV)
of Pt with respect to that of the Pt(111) surface (εd=−2.31 eV)
(Figure 4b).  Generally,  the  negative εd value  indicates  the
rather  weak  interaction  between  Pt  atoms  and  adsorbates
(i.e., NO3* and intermediates), which may further optimize the
NO3

−-ERR  process  on  the  PtTe(111)  surface.  Subsequently,
free  energy  diagrams  of  NO3

−-ERR  on  the  Pt(111)  and
PtTe(111)  surfaces  are  further  investigated  to  validate  the
NO3

−-to-NH3 performance of PtTe-ML (Figure 4c). Firstly, NO3
−

will  spontaneously  adsorb  on  the  surfaces  of  the  two  cata-
lysts with a decrease in total energy. Then, the adsorbed NO3*
is  reduced by splitting the N-O bond to form NO2*,  NO* and
HNO* with a continuous decrease in total energy. Thereafter,
the formation of NH* from HNO* on the Pt(111) surface (4.53
eV) is an endothermic process with a high energy barrier. This
result  indicates  that  HNO*  intermediates,  like  toxic  species,
can poison Pt active sites on the Pt(111) surface, which is con-
sistent with the low activity of  Pt  black for NO3

−-ERR.  In con-
trast,  the  reduction  of  HNO*  and  all  subsequent  hydrogena-
tion steps are exothermic on the PtTe(111) surface. Therefore,
PtTe-ML  can  improve  both  NO3

−-ERR  activity  and  selectivity
with respect to Pt black. All experiments and theoretical simu-
lations  reveal  that  Te  atoms  can  modulate εd  of  Pt  atoms  in
PtTe-ML, thus optimizing the binding of the intermediates on
Pt atoms, avoiding the poisoning of Pt active sites and in turn
achieving an enhanced NO3

−-to- NH3 process.
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Fig. 2    a TEM image and size distribution histogram, b HRTEM image and magnified HRTEM image, c SAED pattern, d STEM image, and e AFM
image of PtTe-ML. f STEM image and corresponding EDX mapping and line scanning of PtTe-ML.
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 Anodic FAOR at PtTe-ML
To couple anodic FAOR with cathodic NO3

−-ERR, the FAOR
activity of PtTe-ML was studied.  Cyclic voltammetry (CV) was
used  to  test  the  electrochemical  behaviours  of  PtTe-ML  and
commercial Pt black in 0.5 M H2SO4 solution. Compared with
commercial  Pt  black,  the  hydrogen  absorption/desorption
area  of  PtTe-ML  is  completely  suppressed  due  to  the  intro-
duction of Te that modifies the Pt electronic structure and af-
fects the adsorption/desorption behaviour of H atoms on the
PtTe-ML surface (Figure 5a).[46,47] Concurrently,  PtTe-ML is  in-
ert  to  methanol  oxidation  reaction,  which  means  that  PtTe-
ML cannot provide three consecutive Pt  atoms for  methanol
adsorption  and  electrooxidation  (Figure 5b).  This  result  is  at-
tributed to the fact that Pt atoms on the PtTe-ML surface is ef-

fectively  isolated  by  Te  atoms,  and  this  special  Pt  coordina-
tion environment of PtTe-ML is desired by FAOR.

The  FAOR  on  Pt  surface  generally  follows  a  two-pathway
mechanism.  The  direct  dehydrogenation  pathway  refers  to
the direct electrooxidation of formic acid into CO2 at a low an-
odic potential, and the indirect pathway involves the genera-
tion of adsorbed COad, which needs to be further electrooxid-
ized to CO2 at a higher potential.[34,48] In fact, COad is easily ad-
sorbed  on  the  Pt  surface,  leading  to  catalyst  deactivation.
Thus,  the  key  to  elevate  the  FAOR  activity  of  Pt-based  elec-
trocatalysts is to strengthen the direct dehydrogenation path-
way, in which the separation of continuous Pt active sites is a
proven  efficient  strategy.[47,49–51] As  revealed  by  the  forward
scan  curves  of  FAOR,  PtTe-ML  shows  a  clear  oxidation  peak
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Fig. 3    a LSV curves of PtTe-ML in Ar-saturated 0.5 M H2SO4 electrolyte with and without 50 mM KNO3 at 50 mV s−1. b The Faradaic efficiency
of NO3

−-ERR and NH3 yield of PtTe-ML at different potentials. c NH3 yields and Faradaic efficiency of PtTe-ML and commercial Pt black at −0.04
V potential. d The as-obtained Faradaic efficiency and NH3 yield during cyclic stability test of PtTe-ML.

Table 1.    Faradic efficiency and NH3 yield of NO3
−-ERR at various electrocatalysts.

Catalysts Electrolyte Applied potential (vs. RHE) Performance Ref. (year)

PtTe-ML 0.5 M H2SO4+50 mM KNO3 −0.04 V rNH3: 2.32 mg h−1 mgcat
−1 FENH3: 95.5% This Work

Polyaniline-modified
CuO nanowire

0.5 M K2SO4+14.3 mM KNO3 −0.64 V rNH3: 0.213 mmol h−1 cm−2 FENH3: 91.38% 2023[52]

Polycrystalline Cu 0.5 M K2SO4+0.1 M KNO3 −0.266 V rNH3: 0.1014 mmol h−1 cm−2 FENH3: 93.91% 2022[53]

RhCu Bimetallic Nanocubes 0.1 M HClO4+0.05 M KNO3 0.05 V rNH3: 2.40 mg h−1 mgcat
−1 FENH3: 93.7% 2022[16]

FeOOH nanorods 0.1 M PBS+0.1 M NaNO3 −0.50 V rNH3: 2.419 mg h−1 cm−2 FENH3: 92% 2022[54]

Pd−PdO-modified
Co3O4 nanowires 0.5 M K2SO4+14.3 mM KNO3 −0.64 V rNH3: 0.2044 mmol h−1cm−2 FENH3: 88.6% 2022[55]

CuPd aerogels 0.5 M K2SO4+3.57 mM KNO3 −0.46 V rNH3: 0.784 mg h−1 mgcat
−1 FENH3: 90.02% 2021[29]

Cu nanoplates 0.5 M K2SO4+3.57 mM KNO3 −0.65 V rNH3: 0.781 mg h−1 mgcat
−1 FENH3: 93.26% 2021[56]

Pd concave nanocubes 0.1 M NaOH+20 mM NaNO3 −0.2 V rNH3: 0.307 mg h−1 mg−1 Pd FENH3: 35.1% 2021[57]
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appears at 0.672 V, indicating a direct dehydrogenation oxid-
ation pathway (Figure 5c). For PtTe-ML, the adjacent Pt atoms
are  interrupted  by  Te  atoms,  producing  abundant  single  or
double  Pt  atoms  and  in  turn  making  the  dehydrogenation
pathway  dominant  at  PtTe-ML.  The  ball-and-stick  model  of
PtTe-ML  clearly  show  that  the  Te  atoms  successfully  isolate
the  consecutive  Pt  atoms  (Figure 5d).  In  the  high  potential
range, the Te atoms on the PtTe-ML surface inevitably under-

go the dissolution and the rearrangement of Pt atoms also oc-
curs simultaneously. The CV curves of PtTe-ML in the high po-
tential range (0-1.2 V) show a distinctive oxidation peak of Te
(Figure S10a). The oxidation peak current gradually decreases
with  scanning  cycles.  Meanwhile,  the  exposure  of  hydrogen
absorption/desorption  area  also  occurs,  which  originates
from  the  electrochemical  oxidation  of  Te  and  further  expos-
ure to the internal Pt atoms. The changes in FAOR pathway at
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Fig. 4    a Atomic structure of the Pt(111) and PtTe(111) surface adsorbed with NO3* and intermediates. b Calculated d-band center values of
PtTe(111) and Pt(111) surfaces. c The free energy diagrams of NO3

−-ERR on the Pt(111) and PtTe(111) surfaces.
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PtTe-ML  were  studied  by  continuous  CV  tests  (Figure  S10b).
The continuous dissolution of Te atoms in PtTe-ML makes Pt
atoms contact with each other, leading to a change in the ox-
idation pathway and a sharp current decay. To avoid the dis-
solution of Te, the potential range of FAOR performance tests
was  limited  to  0-0.8  V  for  PtTe-ML.  In  contrast,  Pt  black  dis-
plays  a  main  oxidation at  around 0.94  V  that  corresponds to
the  oxidation  of  COad formed  via  an  indirect  pathway  of
FAOR.  Benefiting  from  the  optimized  FAOR  pathway,  the  Pt-
mass  activity  of  PtTe-ML  (1640 A  gPt

−1)  for  the  FAOR  is  55
times bigger than that of  commercial  Pt  black (30 A gPt

−1)  at
0.672 V potential (Figure 5c).

The  stability  of  the  electrocatalysts  is  highly  important  for
their  practical  application.  The  electrochemical  stability  was
evaluated by recording current-time curves at 0.6 V potential.
After  a  course  of  10,000  s,  the  FAOR  current  at  PtTe-ML  is
much higher than that at commercial Pt black, indicating the
good  durability  of  PtTe-ML  (Figure  S11).  After  stability  test,
EDX,  XPS  and  TEM  characterizations  show  that  PtTe-ML  re-
tains its initial crystal structure, component and morphology,
confirming its good long-term stability (Figure S12).

 FAOR assisted NO3
−-ERR at bifunctional PtTe-ML

The above electrochemical measurements show that PtTe-
ML has good catalytic performance for both FAOR and NO3

−-
ERR.  Thus,  a  two-electrode  cell  for  the  FAOR  assisted  NO3

−-
ERR  was  constructed  by  using  PtTe-ML  as  both  anode  and
cathode  (i.e.,  PtTe-ML||PtTe-ML  electrolyzer),  respectively.  In
the  presence  of  HCOOH,  the  PtTe-  ML||PtTe-ML  electrolyzer
requires only a total voltage of 0.4 V to drive. An OER- coupled
NO3

−-ERR  double  electrolyzer  (i.e.,  PtTe-ML||IrO2 electrolyzer)
was  also  constructed with  IrO2 as  the  anode and PtTe-ML as
the cathode, respectively. In the absence of HCOOH, the PtTe-
ML||IrO2 electrolyzer  requires  up to  2.0  V  to  drive.  This  result
suggests that FAOR-assisted NO3

−-ERR can provide higher en-
ergy  conversion  efficiency  for  NH3 electroproduction  com-
pared to conventional OER-coupled NO3

−-ERR.

 Conclusions

In summary, we effectively promote an energy-saving NH3

electroproduction  by  coupling  anodic  FAOR  with  cathodic
NO3

−-ERR  using  PtTe-ML  as  bifunctional  electrocatalyst.  The
intermetallic  PtTe  metallene  has  the  ultrathin  2D  nanosheet
structure, which provides abundant active sites for NO3

−-ERR

and FAOR. With the introduction of Te, the HER activity of Pt is
weakened and the catalytic  activity  of  NO3

−-ERR is  increased
on PtTe-ML. DFT calculations show that Te atoms can modu-
late the εd of Pt atoms in PtTe-ML, thus optimizing the bind-
ing  of  intermediates  on  Pt  atoms  and  thus  achieving  an  en-
hanced NO3

−-to-NH3 process.  Under  the  applied potential  of
−0.04  V,  the  ammonia  faradaic  efficiency  and  ammonia  pro-
duction rate  over  the PtTe-ML can reach 95.5% and 2.32 mg
h−1 mgcat

−1, respectively, which are far higher than Pt black. At
the  same  time,  Te  atoms  separate  the  continuous  Pt  atoms,
and optimize the FAOR pathway on PtTe-ML, resulting in en-
hanced FAOR activity. The successful construction of FAOR as-
sisted  NO3

−-ERR  electrolyzer  confirms  the  feasibility  of  pro-
moting  energy-saving  NO3

−-to-NH3 by  optimizing  anodic  re-
action and developing efficient bifunctional electrocatalysts.
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