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1. Introduction

The valance of Mo is critical for FeMo cofactor in ambient ammonia synthesis.

However, the valence effect of Mo has not been well studied in heterogeneous
nanoparticle catalysts for electrochemical nitrogen reduction reaction (NRR)
due to the dissolution of Mo as MoO,?" in alkaline electrolytes. Here, a
MoO,_, catalyst enriched with surface Mo®* is reported. The Mo®* is
stabilized by a native oxide layer to prevent corrosion and its speciation is
identified as (MoO,),, clusters. This native layer with Mo®* suppresses the
hydrogen evolution significantly and promotes the activation of nitrogen as
supported by both experimental characterization and theoretical calculation.
The as-prepared MoO, ,, catalyst shows a high ammonia yield of

3.95 pg mg_,,~'h~" with a high Faradaic efficiency of 22.1% at —0.2 V versus
reversible hydrogen electrode, which is much better than the MoO, catalyst
with Mo®" etched away. The accuracy of experimental results for NRR is
confirmed by various control experiments and quantitative isotope labeling.
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Ammonia (NH;) is a potential energy car-
rier due to its high hydrogen capacity
(17.6 wt%) and a crucial commodity feed-
stock widely used to produce various prod-
ucts such as fertilizers and plastics.['*] To
break the extremely strong N=N triple bond
(46.1 k] mol™), energy-intensive Haber—
Bosch process at high pressures and tem-
peratures (200 atm and 400-450 °C) is
used for ammonia production. The Haber—
Bosch process consumes ~1.5% of the
global annual energy and releases ~1.9 tons
of CO, per ton of NH; produced yearly.>-!
Electrochemical nitrogen reduction reac-
tion (NRR) is an attractive alternative to
the Haber-Bosch process.[®! Tt can be car-
ried out under ambient pressure and tem-
perature to significantly reduce the energy
consumption and CO, emission, with the
utilization of renewable electricity. However, there is lack of cat-
alysts that can induce strong adsorption and efficient activa-
tion of N, molecule, which limits the NH; production rate.l”?#!
Meanwhile, the competitive reaction, hydrogen evolution reac-
tion (HER), is more likely to occur because of the easy activation
of proton, thus leading to poor Faradaic efficiency (FE).>-1!]

FeMo cofactor has served as the source of inspiration for
ambient nitrogen reduction catalysts for decades due to its
highly efficient and selective ammonia conversion capability in
aqueous environment.'>13] Molybdenum, therefore, has been
investigated in many studies as catalytic centers for nitrogen
reduction.'31*] In one synthetic analog, Schrock et al. studied the
catalytic reduction of N, to NH; at Mo center of Mo complexes
with [HIPTN,N]*~ ligand (where [HIPTN;NJ*~ is [{3,5-(2,4,6-i-
Pr,C.H,),C,H;NCH,CH,};N];_)..' In N, conversion to NHj;,
the Mo center was cycled between Mo(I1I) and Mo (VI). The abil-
ity of Mo to adjust its valance is vital to complete the distal path-
way to add six electrons and six protons to produce NH;. Many
efforts, such as doping,[**'*] morphological control,[**'] single
atom design,['®1%) and vacancy creation [?°! were made by now to
improve the NRR performance of Mo-based catalysts.

In aqueous heterogeneous electrocatalysis, it is important to
investigate whether a solid form of molybdenum can function in
a similar mechanism to catalyze the NRR. Due to the strong com-
petition from HER, alkaline electrolytes are preferred to suppress
the HER. However, the thermodynamically stable form of molyb-
denum in alkaline aqueous electrolyte (e.g., pH 13-14) is MoO %~
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as a soluble ion that is not suitable for heterogeneous catalysis.[?!]
It is known in molybdenum metal corrosion that the solid ox-
idative forms of molybdenum, mainly Mo(IV)O, in alkaline con-
ditions with co-existence of Mo(IV)O(OH), and Mo(VI)O;, can
occasionally form a passive layer to prevent the dissolution of
Mo0,?.2223] Therefore, it is possible to investigate molybdenum
with different valence states as heterogeneous catalysts in alka-
line electrolytes if a self-limiting oxide layer is formed.

In this work, we adopt a hydrothermal method (Figure S1, Sup-
porting Information) to grow MoO,, .. The direct reduction of
Mo(VI)O,", grants the MoO, to be enriched with surface Mo®*
(denoted as MoO,, ). X-ray photoelectron spectroscopy (XPS),
open circuit voltage (OCV), and charge transfer resistance mea-
surements all revealed the presence of surface Mo®". Fourier-
transform infrared spectroscopy (FT-IR) characterization deter-
mined that the existence form of Mo®* is (MoOj), clusters. The
surface Mo on MoO, is stable in pH 13 solution while the con-
trol Mo(VI)O, dissolves immediately. These surface Mo®* can be
etched away to form MoO, in highly concentrated KOH solution
(5 M) to allow us to investigate the valance effect of Mo on NRR.
In operando voltage, both Mo® and Mo** showed reduction to
Mo?**. While the lack of oxidation peak and after reaction XPS
characterization indicates a possible self-oxidation mechanism
allowing Mo** to convert back to its original Mo®* and Mo** state,
therefore, shuttling between lower and higher valances. When
used as an NRR catalyst, the as-prepared MoO,, , showed a high
NH, yield of 3.95 pg mg_,, "'h~! with a high FE0f 22.1% at —0.2V
versus reversible hydrogen electrode (RHE), which is much bet-
ter than the control MoO, catalyst of 1.06 pg mg_,,~'h~" yield and
9.4% FE, indicating that the remarkable NRR activity originated
from the high-valent Mo®* on the surface. Without surface Mo®*,
protons can be transferred to the MoO, surface readily, and HER
activity is much higher (Figure 1a). With surface Mo®*, the HER
is suppressed, and nitrogen adsorption is promoted (Figure 1b).
Density functional theory (DFT) calculation revealed that with
surface attached (MoO;), cluster, the activation barrier for the
first hydrogen addition step is lowered. Additionally, both dis-
tal and alternative pathways are possible for ammonia synthesis,
with the distal path similar to that of the molecular Mo catalyst. It
is worth mentioning that the accurate detection of ammonia and
the evaluation of catalytic performance remains one of the ma-
jor challenges of the NRR field. Generally, ammonia production
is too low to be firmly attributed to NRR rather than ammonia
contamination from air, electrolyte, reduction of other nitrogen
species, or catalyst itself.[2*?°] Strict protocols need to be followed
to ensure the measurement accuracy for gaining any fundamen-
tal understanding of the catalytic processes.[**! Our ammonia
yield is assessed by tracking NH, production continuously over
4 h, and we determined the average NH, yield rate by the slope
of the yield,;;—time plot. This method can reduce test errors sig-
nificantly compared to the single-point average method. More-
over, besides all the control experiments, quantitative isotope la-
beling experiments were performed to track the nitrogen source
of yielded ammonia, where purified >N, was used as the feed gas
for electrochemical nitrogen reduction. The yield from the quan-
titative isotope labeling experiment is 3.91 ug mg.,, ~*h™" which
matches the NH, yield determined by the slope of the yield,;;—
time plot. This work provided solid evidence pointing to high va-
lence Mo®* being critical for promoting nitrogen reduction
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2. Results and Discussion

The as-produced MoO,, , was thoroughly characterized to deter-
mine the material morphology and crystal structure. The scan-
ning electron microscopy (SEM) image shows that the MoO,_ .
grows and coats on the carbon cloth (Figure S2, Supporting Infor-
mation) uniformly with intimate adhesion (Figure 1c). According
to the SEM image in Figure S3, Supporting Information and in-
setin Figure 1c, the sample consists of spherical particles with an
average size of 100 nm, formed by agglomeration of smaller parti-
cles. The energy-dispersive spectroscopy mapping demonstrates
that Mo and O elements distribute evenly on the carbon cloth
(Figure S4, Supporting Information). The transmission electron
microscopy (TEM) images of the MoO,, , in Figure 1d and Fig-
ure S5, Supporting Information show small primary particles.
The selected area electron diffraction (SAED) pattern shows three
distinct rings corresponding to (011), (-211), and (—311), and is
indexed along [0—11] zone axis (inset of Figure 1d). Clear lattice
fringes could be observed from the aberration-corrected high-
angle annular dark field scanning TEM (HAADF-STEM) image
in Figure 1e. The lattice spacing of 0.342 nm also corresponds to
the (011) plane of MoO,.

To investigate the effect of Mo valance, an etched sample (de-
noted as MoO,) was prepared by etching MoO,, , sample in 5
M KOH solution for 24 h to remove Mo (VI). X-ray diffraction
(XRD) patterns reveal that both MoO,,, and MoO, possess a
monoclinic MoO, phase (PDF No. 65-5787) (Figure 1f). More-
over, the SEM images (Figure S6, Supporting Information) and
the TEM images (Figure S7, Supporting Information) of MoO,
sample show the unchanged morphology and exposed surface
comparing to MoO,, . The valance states were confirmed by
XPS. As shown in Figure 2a, for MoO,_ ,, the peaks at the bind-
ing energies of 233.4/230.4 eV are ascribed to Mo** (3d; ,/3d; ,),
and the other two obviously stronger peaks at 234.7/231.7 eV
are assigned to Mo®* (3d,,/3ds,), revealing Mo®* species dom-
inated the surface of the catalyst (65.9%). While for MoO, sam-
ple, only Mo 3p; , and Mo 3ps , peaks of Mo** are seen at 233.4
and 230.4 eV, indicating that there is no Mo®* on the surface of
MoO, after high concentration KOH etch. Simultaneously, we
used inductively coupled plasma mass spectrometry (ICP-MS) to
quantify the mass loss of Mo for sample subjected to the long-
term high concentration KOH etch and calculated that the ratio
of Mo®" in sample is 1.83%, which is much lower than the ra-
tio from XPS result, meaning most of Mo®" mainly distribute
on the surface of sample rather than the inside. In parallel, the
O 1s spectra (Figure 2b) of MoO,,, and MoO, were split into
two peaks at 530.4 and 531.3 eV, corresponding to lattice O (oxy-
gen bonds of Mo-0) and adsorbed O, respectively, consistent
with Raman results in Figure S8, Supporting Information. Ar
ion depth etching experiment (Figure 2c) was further undertaken
to study the composition of MoO,, , and the etching time was
varied to get the signals from different depths of MoO,_,. Ini-
tially, four peaks related to Mo** and Mo®* could be detected,
and the intensity of Mo®* peaks are much higher than those of
Mo**, implying the upmost surface of MoO,, , is mainly com-
posed of Mo®". As the Ar ion bombarding time increases, the
ratio of Mo®* declines gradually to a negligible level, while Mo**
becomes dominant in 360 s. These results imply a descending
gradient of Mo®* from the surface to the inside, and the inside

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. The schematic of NRR and HER on a) pristine MoO, and b) MoO,,, enriched with surface Mo%*. c) SEM image of MoO,,,/CC, the inset is
the zoomed-in SEM image. d) TEM image of MoO,_,, the inset is the SAED pattern. e) HAADF-STEM image of MoO,, . f) XRD patterns of MoO,

and MoO,.

of MoO,, ,, is still composed of Mo**. In comparison with MoO,,
the Mo™/** redox peak of MoO,, , positively shifted by 90 mV
(Figure S9, Supporting Information), revealing a higher Mo va-
lence state than 4+. This observation is consistent with the OCV
result in Figure 2e, which shows that MoO,, , has a higher rest
voltage than MoO, because of a higher Mo valence state. Besides,
electrochemical impedance spectroscopy measurements at OCV
showed that the charge transfer resistance of MoO,, , was signifi-
cantly higher than that of MoO, (Figure 2f), suggesting the higher
corrosion resistance of MoO,,, making the surface oxide layer
stable.

The electrocatalytic nitrogen reduction was examined in a
0.1 M KOH electrolyte using an H-shape electrolysis cell wherein
the two compartments of the cell were separated by a proton ex-
change membrane, as illustrated in Figure S10, Supporting In-
formation. The electrodes are composed of Ag/AgCl as the ref-
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erence electrode, a graphite rod as the counter electrode, and a
carbon cloth loaded with the MoO,, , as the working electrode.
Before the test, the N, gas was bubbled through a 1 m H,SO,
aqueous solution (to eliminate the possible NH; impurity) and a
2 M KOH solution (to eliminate the possible NO, impurity) be-
fore being fed into the electrolyte. All the potentials were con-
verted to the RHE. As shown in Figure 3a, linear sweep voltam-
metry (LSV) curves of MoO,, , were first collected in both N,-
saturated and Ar-saturated 0.1 m KOH, respectively. The current
density of LSV curves in N,-saturated electrolyte is higher than
that in Ar-saturated electrolyte, indicating that the electrochemi-
cal reduction of N, has occurred. It is worth mentioning that the
HER onsite of MoO, is much earlier than MoO,, ., indicating a
stronger HER competition in the MoO, case. These results show
that the surface Mo®" can help suppress the HER because of the
higher charge transfer resistance (Figure 2f).
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Figure 2. a) Mo 3d XPS spectra of MoO,_, and MoO,. b) O 1s XPS spectra of MoO,,, and MoO,. c) Schematic image of Ar ion depth etching. d)
Mo 3d XPS spectra of MoO,, , recorded after Ar ion depth etching for a series time. e) Open-circuit voltage (OCV) behavior of MoO,, , and MoO,. f)
Electrochemical impedance spectroscopy (EIS) curves of MoO,,, and MoO, at OCV.
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Figure 3. NRR electrochemical performance of MoO,_,. a) LSV curves of MoO,, , and MoO, in N,-saturated and Ar-saturated 0.1 m KOH electrolytes.
b) UV—vis spectra of the electrolyte stained with indophenol indicator at different time durations at the potential of —0.2 V versus RHE by using MoO,, ,
as catalyst. ¢) Continuous ammonia yield of MoO,, , as a function of time at applied potentials from —0.1to —0.5 V versus RHE. d) NHj yields and FEs
of MoO,,, and MoO, at each given potential. e) Cycling stability of MoO,, , at —0.2 V versus RHE. f) Table of control experiments to confirm the NH;
production over the investigated catalysts.
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Figure 4. "H NMR spectra of standard "*NH,Cl a) with different concentrations of NH,* and >’NH,Cl and e) with different concentrations of "NH,*
using maleic acid as an internal standard. "H NMR spectra for electrolytes after NRR tests at reaction duration of 1and 3 h when feeding with b) *N,
and f) N, at —0.2 V versus RHE. Corresponding standard curve for standard c) NH,Cl and g) ">NH,Cl versus peak area ratio. The orange balls
represent the values from the standard NH,Cl samples, and the pink star and blue star show the position of the NMR-measured value for electrolytes
after NRR tests at reaction duration of 1and 3 h, respectively. Ammonia yield of MoO, ., after reaction duration of 1and 3 h at —0.2 V versus RHE when

feeding with d) N, and h) °N,.

The ammonia production is measured by the indophenol blue
method. The concentration of NH,* in the electrolyte is cali-
brated by a standard plot, which shows a highly linear relation-
ship between the absorbance and concentration (Figure S11, Sup-
porting Information). Because of the low NRR ammonia produc-
tion rate and potential environmental contaminations, it strongly
calls for a reliable method to measure the low NRR ammonia pro-
duction rate to report a solid result.['®1° To avoid the poor reliabil-
ity issue of the NH; yield determination method by using single
point ammonia concentration, in this work, we tracked the con-
tinuous ammonia generation over a long-time range, a method
developed in our previous study."V! When using MoO,, . as the
catalyst, the UV-vis results show that the concentration of NH,*
in the electrolyte increases as time progresses over 4 h for all ap-
plied potentials from —0.1 to —0.5 V versus RHE (Figure 3b; Fig-
ure S12, Table S1, Supporting Information). Figure 3c shows that
the NH, yield increases linearly over time, providing a more ac-
curate way to determine the NH, yield rate according to the slope
of yield;—time plot. This rules out the excess NH; contribution
from the background and initial error. At the same time, the total
yield at —0.2 V for MoO,, , over 8 h exceeds 10 times the initial
background ammonia concentration confirming that the ammo-
nia production is from NRR (Figure S13, Supporting Informa-
tion). Figure 3d presents the NH; yield and FE of MoO,, , and
MoO, at various potentials. The highest ammonia yield rate of
3.95 ug mg.,,~*h™' and FE of 22.1% for NRR on MoO,_ , was ob-
served at —0.2 V versus RHE (Figure 3d), which was much higher
than that of MoO, of 1.06 ug mg_,,“*h~! yield and 9.4% FE (Figure
S14, Supporting Information). We also varied the mass loading
0of MoO,, . catalyst from 0.1 to 1.3 mg cm~2 (Figure S15, Support-
ing Information) and tested their NRR performance. As shown
in Figure S16 and Table S2, Supporting Information, the high-
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est ammonia yield rate and FE were achieved under the mass
loading of 0.9 mg cm~2. Moreover, Nessler’s reagent detection
method was applied to confirm the performance. According to
the calibration curves shown in Figure S17, Supporting Informa-
tion and experimental results shown in Figure S18, Supporting
Information, the yield is almost the same with that determined
by indophenol blue method.[?°! Besides, the ammonia yield rate
and FE of MoO,, , were unchanged during ten cycling tests (Fig-
ure 3e), and the morphology and the valence state did not change
after the long-term stability test (Figure S19, Supporting Infor-
mation). Furthermore, no byproduct N, H, was detected after the
electrochemical reduction (Figure S20, Supporting Information),
demonstrating that the MoO,, , has an excellent selectivity to-
ward NRR. To further verify that the ammonia was produced by
reducing nitrogen rather than from the reactants, instrument, air,
or electrolyte, we conducted a series of control experiments where
only one parameter was varied each time, and the other condi-
tions were kept unchanged (Figure 3f; Figures S21,S22, Support-
ing Information). The results display that there were no ammo-
nia production without one of the necessary conditions, includ-
ing catalyst, applied potential, and N,, illustrating that ammonia
produced in the electrolyte comes from the electrochemical re-
duction of N, rather than any other contamination.
Furthermore, quantitative isotopic labeling experiments were
performed to analyze the concentration of ®N- and “N-labeled
NH,* by 'H NMR spectrum (Figure 4a,e), and the correspond-
ing concentration-signal integration results showed a good linear
relationship (Figure 4c,g). Figure 4b,f shows that the concentra-
tion of both PNH,* and NH,* in the electrolyte increase as
time progressed and the concentration of ®NH,* was in quanti-
tative agreement with the concentration of *NH,* produced un-
der the equivalent conditions. Moreover, the yield measured with

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Atomic models of a) MoO,,, and b) MoO, with a dinitrogen molecule adsorbed for DFT simulation. Blue, red, and yellow atoms represent
Mo, O, and N atoms, respectively. Calculated Gibbs free energies of the NRR on ¢) MoO,, , and d) MoO, along the alternative and distal pathways.

the calculated concentration of "'NH,* is 3.91 ug mg,,~*h~" and
the yield measured with the calculated concentration of “NH,*
is 3.94 ug mg_,,~"h~!, which are consistent with the result of the
UV-vis (Figure 4d,h), suggesting reliable experimental results.
MoO,, , catalyst exhibits overwhelming superiority in pro-
ducing ammonia comparing to MoO, catalyst, which points to
the presence of surface Mo® being critical. Cyclic voltammetry
(CV) was conducted in inert solvent acetonitrile and inert Ar at-
mosphere. The CV curves (Figure S9, Supporting Information)

Adv. Sci. 2022, 9, 2104857
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showed reduction peaks at —0.30 and —0.39 V for MoO,, , and
MoO,. Due to the inert environment, we assign these peaks to the
reduction to Mo (III). However, the oxidation part of the CV did
not show a comparable peak. XPS spectra of post-NRR MoO,, .
sample (Figure S19b, Supporting Information) were character-
ized. The surface valance states of Mo are comparable to that
before reaction with similar Mo® to Mo** ratio. These results
show the possibility that the in operando the Mo®" was reduced
to Mo** and the Mo** can experience auto-oxidation to convert

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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back to Mo®*, therefore shuttling between different valances as
that in FeMo cofactor or its analog.[*]

To further prove the effect of Mo®*, we synthesized another
MoO,,, sample as negative control by increasing the mass of
CTAB during synthesis and found the morphology and phase
keep unchanged, but the ratio of Mo®" decreased from 65.9% to
38.2% significantly than before (Figure S23a-c, Supporting In-
formation). The ammonia yield rate of 2.74 ug mg_,~'h™' and
FE 0f 15.7% for NRR are also lower than those of MoO,_ , (65.9%
Mo®*), further proving the pivotal role and the optimal content
of Mo®* in MoO,_, for NRR (Figures S23d,S24, Supporting In-
formation).

To gain insight into the nature of the high NRR activity of
MoO,, , enriched with Mo®*, systematical DFT calculations were
implemented. We first exploited FT-IR to characterize the speci-
ation of surface Mo®". As shown in Figure S25, Supporting In-
formation, MoO,_ , has the obvious absorption peak of (M0oO),
cluster but MoO, does not.[””! Then we constructed a (MoO;),
cluster-MoO, (011) surface to simulate the MoO,, , (Figure 5a).
Meanwhile, normal MoO, (011) surface model was built to repre-
sent MoO, (Figure 5b). The NRR process on the catalyst was pro-
posed as hydrogenation of the adsorbed N, molecule by the addi-
tion of H atoms one by one. Figure S26, Supporting Information
shows that the NRR can proceed through two pathways: the alter-
native pathway and distal pathway. In the alternative pathway, the
two nitrogen atoms are hydrogenated one by one, whereas in the
distal pathway one N is fully hydrogenated before the second N.
For both pathways, the first hydrogenation (*NN — *NNH) pro-
cess is the rate-limiting step, determining the NRR performance
(Figure 5b). Introducing Mo®" could increase the adsorption of
dinitrogen molecular significantly and reduce the energy barri-
ers for the first hydrogen addition step (*N, to *NNH: from 1.06
to 0.71 eV), compared to the pure MoO,. The free energy change
for this step is comparable to those in literature.[?#-3% Note that
the effects of dynamic surface charge and explictic solvation were
not considered here due to the computational cost; these factors
could further lower the formation energy of *NNH.3'-%¢] This
finding is consistent with the experimental result and explains
why the MoO,, ,, catalyst has higher NRR performance.

3. Conclusion

In summary, we prepared MoO,_ , enriched with surface Mo®",
which showed a high NH; yield of 3.95 pg mg,,, ~'h~! with a high
FE of 22.1% at —0.2 V versus RHE. Both experimental charac-
terization and DFT calculations revealed that the remarkably en-
hanced NRR activity originated from the high-valent Mo®" on the
surface. Moreover, various control experiments and quantitative
isotope labeling experiments were performed to ensure the accu-
racy of experimental results for electrochemical nitrogen reduc-
tion. This work demonstrates that creating unique valence states
is an efficient approach to design excellent electrocatalysts for ni-
trogen reductyield,;-timeion.

4. Experimental Section

The experiments and methods are described in the Supporting Infor-
mation.
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Supporting Information is available from the Wiley Online Library or from
the author.
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