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Nitrate electro-reduction reaction (NITRR) offers a promising alternative approach for ammonia synthesis
under mild conditions. Our previous studies have shown that electrodeposited Ni/Ru hydroxide hybrid
exhibits highly catalytic NITRR activity. Therefore, this study focuses on investigating the origin of the high
activity on Ni/Ru hydroxide hybrid by comparing it with drop-cast Ru nanoparticles on nickel foam, which
show much lower activity for NITRR. This was attributed to the interaction between Ru and the nickel sub-
strate formed during electrodeposition. To host electrodeposited Ni/Ru hydroxide hybrid nanoparticles,
we used a series of nickel foams with varying amounts of surface-oxidized nickel layers prepared by heat
treatments. The introduction of moderate oxidized nickel layers in Ni/Ru hydroxide hybrid electrodes
increased the interactions between Ru and the Ni species, and the synergistic effect further promotes
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Introduction

Ammonia has significant importance beyond being a fertilizer
for agriculture and a raw material for the chemical industry.
Its advantages in transport have made it a promising energy
fuel. However, the current Haber-Bosch production process
for ammonia, which is one of the most important chemical
reactions in the world, consumes a significant amount of
energy and contributes to approximately 1.5% of CO, emis-
sions annually, causing global environmental problems.
Therefore, alternative routes for ammonia synthesis under
mild conditions have been sought for decades.' While electro-
chemical synthesis of ammonia is promising due to ambient
reaction conditions;> the ultra-strong N=N covalent bond
makes it extremely challenging to convert N, to NH; with
sufficient activity and efficiency.® Various catalysts have been
developed for direct nitrogen-to-ammonia synthesis,* but the
faradaic efficiency and yield rates are still far below the expec-
tations for industrial applications.
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Another strategy for ammonia synthesis is to electro-cata-
Iytic oxidation of N, to NO;~, followed by further electro-
reduction of NO;~ to NH; (NO;~ + 8¢~ + 6H,0 — NH; +
90H").” Unlike N,, nitrate contains single nitrogen and N=N
breakage is not required prior to ammonia formation. More
importantly, nitrate, as a worldwide industrial waste, has been
identified as a major pollutant responsible for gas emissions,
acid rain or photochemical smog,® causing various health-
threatening consequences.” Against this background, effective
electro-reduction of NO;~ to ammonia not only provides an
alternative route for NH; production, but also converts nitrate
waste into valuable chemicals.® So far, traditional catalysts
based on Ti,” Cu®?'® or Co,™* have been developed for NO;
electro-reduction, and the energy efficiency for ammonia syn-
thesis is often as high as 90% at low current densities, **"?
while the challenge is the decrease in reaction selectivity when
targeting high production yield at high current.”® To address
this issue, Ru with oxygen-doped nanoclusters has been
demonstrated to have excellent activity for electrochemical
nitrate reduction reactions,* especially when tensile strains
associated with oxygen doping have been introduced, offering
ammonia-production rates of 3.25 x 10~ mol s™* cm™> at —0.8
V vs. RHE."* Such success highlights the outstanding activity
of Ru nanoparticles, but such catalysts suffer from the
efficiency drop at high potentials (e.g. down to 55.8% at —0.8 V
(ref. 14a)). Recently, we have demonstrated a facile and low-
cost electrodeposition process for the synthesis of highly active
bimetallic Ru-Ni catalysts for nitrate-to-ammonia conversion,
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exhibiting high nitrate-to-ammonia conversion rate (1.4 + 0.1 x
107 mol s™' ecm™? at —0.6 V vs. RHE) with almost 100%
ammonia selectivity.”” In this study, we conducted further
investigations on the catalyst structure to better understand
the high efficiency of nitrate-to-ammonia conversion. We com-
pared electrodes prepared by drop-cast Ru nanoparticles onto
pristine nickel foam with electrodeposited Ni/Ru hydroxide
hybrid. Our results show that the drop-cast electrode exhibited
significantly lower nitrate-to-ammonia conversion efficiency
than the electrodeposited electrodes. In addition, a series of
nickel foams with varying degree of surface oxidation, achieved
through heat treatments at room temperature to 500 °C in H,
or Ar gas, serve as 3D substrates to host electrodeposited Ni/Ru
hydroxide hybrid nanoparticles. We observed that the Ni/Ru
hydroxide hybrid on deeper oxidized nickel layers exhibited
improved NITRR performance compared to those with less oxi-
dized layers. However, further increase in the degree of oxi-
dized nickel layers led to a deterioration of the catalytic per-
formance. Comparison of these results revealed that moderate
oxidized nickel substrates played a key role in the observed
catalytic activity, leading to formation of Ru-O-Ni matrix,
which enhanced the NITRR activity with respect to pristine or
reduced nickel surface.®

Results and discussion

Firstly, a partially oxidized Ru nanoparticle was drop-cast on a
pristine nickel foam (pNF) and labelled as Ru-LPD/pNF (as
detailed in ESIt). Additionally, the Ru-Ni bimetallic hybrid
electrodes were also prepared by a cycle voltammetry (CV) elec-
trodeposition method on pNF by 25 CVs, denoted as Ru-25CV/
PNF (as detailed in ESIf).

The NITRR activity of the catalysts was evaluated by the
cyclic voltammograms (CV) and the liner scan voltammetry
(LSV) measured in 1.0 M KOH with and without NaNO;. All
the voltages reported in this work were converted by referen-
cing to the reverse hydrogen electrode (RHE) and can calcu-
lated by E (V) = E° + 0.059 x pH + 0.2415 with pH = 14. Fig. 1a
and b presents the electrochemical performance of the Ru-
25CV/pNF and Ru-LPD/pNF. Upon the addition of NO;™, the
onset potentials shift from —0.05 V to 0.15 V, indicating a good
response to the nitrate reduction reaction. The current density
of the Ru-Ni hybrids increases significantly at potentials below
0.2 V (Fig. 1a, red solid line) and exhibits a much higher catho-
dic current than that of the Ru-LPD/pNF. Since the perform-
ance is related to the active surface area and Ru loading
amount in the electrodes, the electrochemical active surface
area (ECSA) and the Ru loadings were measured to normalize
the current as shown in Fig. 1b. Notably, the normalized cur-
rents of the Ru-25CV/pNF by the Ru loading (Fig. 1c) or the
ECSA (Fig. 1d) are much higher than that of the Ru-LPD/pNF,
further confirming the high NITRR activity of the electrodepos-
ited Ru-Ni hybrids.

Furthermore, the nitrate-to-ammonia conversion efficiency
was significantly improved in the Ni-Ru hybrids, as shown in
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Fig. 1 (a) The cyclic voltammetry (CV) of Ru-LPD/pNF and Ru-25CV/
pNF measured in Ar saturated-1.0 M KOH with and without 1.0 M
NaNOs at the scan rate of 10 mV s™*. (b) The ECSA calculated from the
capacitance data in detailed in ESI and Fig. S1, and Ru loading amount
of Ru-LPD/pNF and Ru-25CV/pNF analysed by ICP-OES. (c) The Ru
loading amount normalized and (d) the ECSA normalized CV of Ru-LPD/
pNF and Ru-25CV/pNF from a based on the ECSA and Ru loading in b.
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Fig. 2 (a) The ammonia yield rate (Vyy,) and ammonia current faradaic
efficiency (FEyn,) of Ru-LPD/pNF and Ru-25CV/pNF, measured in 1.0 M
KOH with 1.0 M NaNOs. (b) The XPS Ni 2s spectra of the Ru-LPD/pNF
and Ru-25CV/pNF. The SEM images of (c) Ru-LPD/pNF and (d) Ru-
25CV/pNF.

Fig. 2a. For instance, by keeping the FExy, at almost 100%, the
Ru-25CV/pNF (Fig. 2a, red column) produced ammonia at a
rate of 1.5 x 1077 mol s™* em™ at 0 V, which is three times
higher than that of the Ru-LPD/pNF (0.5 x 10”7 mol s~ em™>
with FE = 68%). In order to investigate the origin of the high
catalytic activity of the electrodeposited Ru-Ni hybrid for
NITRR, the Ru-25CV/pNF sample was characterized by trans-
mission electron microscopy (TEM), scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS)
as detailed in Fig. 2b-d and Fig. S2-6.f The Ru-25CV/pNF
sample exhibits a layer of nanoclusters with the nanoparticle
size at 5-10 nm (Fig. 2d and Fig. S2, 31), which is smaller than
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the particle size of the Ru-LPD (~30 nm, Fig. 2c and Fig. S47).
The XPS results of the Ru 3d and O 1s (Fig. S5 and 67) indicate
the presence of both Ru® and Ru-O bonds in the Ru-25CV/pNF
and the Ru-LPD, which are considered crucial for efficient
nitrate-to-ammonia conversion.'?

Regarding the Ni states, the XPS spectra of Ni 2p for the Ru-
LPD/pNF are similar to those of the pristine NF (Fig. 2b),
showing characteristic peaks of Ni’, NiO and Ni-OH. This
suggests that the drop casting of Ru-LPD onto pNF does not
significantly affect or alter the surface states of the initial
nickel foam. However, in the case of electrodeposition, only
the Ni-OH peak can be observed, which can be assigned to
NiOOH,"” implying that NiO on the pristine NF surface has
been converted to NiOOH (Ni** — Ni**), probably due to the
Ni/Ru interfacial bonding between Ru and Ni species formed
during electrodeposition. This is supported by the shift of the
Ni-OH peak to lower energy by 0.23 eV on the electrodeposited
Ru-25CV/pNF with respect to the initial nickel foam substrate
and the Ru-LPD/pNFE." The interfacial bonding between Ni
and Ru is likely to contribute to the improved NITRR perform-
ance for the Ru-Ni hybrids, as evidenced by their higher
nitrate reduction current (Fig. 1a and ¢, d). Whereas, the Ru-
LPD/pNF exhibits a lower FEyy, and ammonia yield rate
(Fig. 2a).

The Ni/Ru interfacial bond is likely formed due to the pres-
ence of nickel oxide species, which are typically present on the
surface of the pristine nickel foam as indicated in Fig. 2b and
in the literature."® As shown in the synthesis section, the oxi-
dized layer can be reduced by heat treatment in H, flow
(Fig. S7t) and labelled as rNF. The amount of electrodeposited
Ru on rNF (0.055 mg cm™?) is slightly more than that on pNF
(0.048 mg cm™?), and the former has a higher ECSA (Fig. 3a
and b). It is important to investigate whether HER side reac-
tion has been effectively suppressed to achieve high energy
efficiency, as a high current response in a reaction does not
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Fig. 3 (a) The measured ECSA and (b) electrodeposited Ru loading
amount on different substrates for 25 CVs deposition. The LSV of Ru-
25CV/pNF and Ru-25CV/rNF in Ar saturated (c) 1.0 M KOH and (d) 1.0 M
KOH with 0.1 M NaNOs at the scan rate of 10 mV s™*.
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necessarily lead to a high ammonia production rate. Using the
reduced sample for demonstration (Ru-25CV/rNF Fig. 3c, blue
line), its HER activity is much higher than that of Ru-25CV/
PNF, indicating a good suppression of HER in the Ru-25CV/
PNF. Both Ru-25CV/rNF and Ru-25CV/pNF demonstrate excel-
lent response to NO;™~ addition, but the reaction current of Ru-
25CV/INF is much lower than that of Ru-25CV/pNF as indi-
cated in Fig. 3d. This suggests that nickel oxide, rather than
metallic nickel, is favourable for NITRR.

Furthermore, to gain a better understanding of the corre-
lation between the NITRR activity and the nickel oxide inter-
layer, Ru supported on nickel foam with deeper oxidized sur-
faces (oxidized nickel foam, oNF) was investigated. The oNFs
show nanoparticles merging on the surface, while the rNF and
PNF surfaces are smoother (Fig. S8t). As identified by Ni 2p
XPS spectra (Fig. S7t), NiO and nickel hydroxide (Ni-OH)
species appear on the nickel foam surfaces,'® which can be
manipulated by controlled oxidation, as previously reported.'®*
The Ru film deposited on the oNF, has a much thinner Ru
layer than the rNF and pNF supported Ru film (Fig. S97),
which is in consistent with the much lower Ru loading on the
ONFs (0.005 mg cm > for oNF500 and 0.013 mg cm™> for
oNF300, respectively) as indicated by the ICP-OES results
(Fig. 3b).

In terms of the electrochemical performance, both the Ru-
25CV/oNF300 and Ru-25CV/oNF500 show lower current
density than the Ru-25CV/pNF in KOH (Fig. 4a), indicating
better suppressed HER in the deeper oxidized NF supported
Ru. In the electrolyte with NO;~, the Ru-25CV/oNF300 has a
similar current to the Ru-25CV/pNF, while the Ru-25CV/
ONF500 shows a slight decrease in the current density
(Fig. 4b). This is probably due to significant decreases of the
ECSA and the Ru loading amount on the oNF supports (Fig. 3a
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Fig. 4 (a) The LSV of electrodes in Ar saturated 1.0 M KOH. The (b) orig-
inal, (c) the ECSA normalized and (d) the Ru amount normalized LSV of
Ru-25CV supported on different NF, and (d) the ammonia yield rate
(VnH,) and ammonia current faradaic efficiency (FEyy,) for Ru-25CV on
different NF, measured in Ar saturated-1.0 M KOH with 1.0 M NaNO3 at

the scan rate of 10 mV s™*.
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and b). To further explore the intrinsic catalytic activity, the
electrochemical performances were normalized by the ECSA or
the Ru loading mass. It is interesting to note that the normal-
ized LSVs by either the ECSA (Fig. 4c) or the Ru loading mass
(Fig. 4d) show significantly enhanced normalized current den-
sities in Ru-25CV/oNF300 and Ru-25CV/oNF500, compared to
those with less nickel oxide layers (Ru-25CV/pNF and Ru-25CV/
rNF).

A high current response in a reaction does not necessarily
lead to a high ammonia production rate as electrons can be
consumed by HER side reaction. The ammonia production
performances were examined in Ar saturated-1.0 M KOH with
1.0 M NaNO; at varied potentials (Fig. 5a). At high cathodic
potentials (up to —0.9 V), the FExy, and Vyy, follow the trend
of Ru-25CV/oNF300 > Ru-25CV/pNF > Ru-25CV/oNF500 > Ru-
25CV/rNF > Ru-LPD/pNF, indicating the dependence of the oxi-
dized nickel interlayers. By keeping the FEyy, to almost 100%,
the Ru-25CV/oNF300 produces ammonia at rate of 3.6 x 1077
mol s~ em™? at —0.1 V. These results further demonstrate the
importance of the oxidized nickel interlayer for achieving high
activity in the conversion if nitrate to ammonia. It should be
noted that the FEyy, is almost 100% from —0.9 V to —0.1 V on
the Ru-25CV/oNF300 and Ru-25CV/pNF, compared to the pre-
viously reported NITRR performance with a significant
decrease at high overpotentials.'®*'** The ammonia yield rate
reaches to as high as 1.4 + 0.1 x 10™® mol s™* em™ (or 5.4 +
0.3 mmol h™" ecm™) at —0.6 V for Ru-25CV/oNF300, which
exceeds most of reported state-of-the-art ammonia synthesis
catalysts (Fig. $101).">*° The Ru-25CV/oNF300 also exhibits
durable and high NITRR performance for up to 100 h with no
apparent loss in the selectivity, as shown in Fig. $11.7 "> The
products were also analyzed for the presence of nitrite,
hydroxylamine and hydrazine, but no significant levels were
found.

Zhang and Yu demonstrated that the oxygen doping in Ru
can cause stress stains, generating hydrogen radicals and
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Fig. 5 (a) The ammonia yield rate (Vyn,) and ammonia current faradaic
efficiency (FENHK) for Ru-25CV on different NF, measured in Ar satu-
rated-1.0 M KOH with 1.0 M NaNOs at the scan rate of 10 mV s The
XPS Ni 2s spectra of (b) the Ru-25CV/rNF and rNF, (c) the Ru-25CV/
oNF300 and oNF300, and (d) the Ru-25CV/rNF and rNF.
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promote the nitrate-to-ammonia conversion.'** Our recent
study found that the NF substrate is crucial for efficient
nitrate-to-ammonia conversion in Ru catalysts.'® In this study,
we investigated the impact of the interaction between the oxi-
dized species of NF substrate and the Ru nanoparticles. While
both the electrodeposited Ru films on NF (Ru-25CV/pNF) and
the Ru-LPD drop-cast on NF (Ru-LPD/pNF) had reasonable
oxygen doping levels, the electrodeposited Ru films on nickel
supports with displayed significantly enhanced NITRR activity.
The TEM analysis revealed that the Ni/Ru hybrids on NF sub-
strates consist of an amorphous Ru-O-Ni matrix on the nickel
foam with a Ni/NiOOH interlayer (Fig. S127), indicating that
the Ni in the Ru layer likely originates from oxidized nickel
species on the nickel foam. During Ru electrodeposition, a
strong interaction was formed between the Ru and Ni species,
In contrast, the drop-casting Ru nanoparticles had a weaker
interaction with Ni surfaces (Fig. 1d), resulting in low NITRR
activity.'*”*! The difference in activity could be attributed to
the strong metal/metal oxide (nanoparticle)-support inter-
actions on the Ru-Ni hybrid electrodes.'®** The lack of a
strong interaction is likely the primary reason for low NITRR
activity in Ru-LPD/pNF and electrodeposited Ru without Ni."

The formation of the Ru-O-Ni metric structure is likely due
to the presence of oxidized nickel species on the NF surface.
To investigate this, we synthesized Ni/Ru hybrids on NF sub-
strates with varying degrees of oxidized surfaces. The result
showed that the Ni-OH peaks in the XPS of Ni 2p were shifted
higher in the Ru-25CV/pNF and Ru-25CV/oNF300 samples,
compared to the lower peak shifts in the Ru-25CV/rNF and Ru-
25CV/oNF500 samples, as shown in Fig. 2b and 5b-d. The XPS
results shows a similar presence of Ru® and Ru-O bonds in
the Ru-25CV/pNF and Ru-25CV/rNF (Fig. S6 and S13%),
whereas the Ru-25CV/rNF has a less shift of the Ni-OH peak to
lower energy by 0.06 eV (Fig. 5b) than the Ru-25CV/pNF (0.23
eV) and Ru-25CV/oNF300 (0.31 eV). These results further
demonstrate the essential of the presence of nickel oxides
species on formation of the Ni/Ru interfacial bonding. This
trend was consistent with the efficiency of the nitrate-to-
ammonia conversion on Ni/Ru hybrids (Fig. 5a). It is believed
that the increased shifts were due to the synergistic effect
induced by oxidized nickel species and oxidized Ru, which
enhanced the NITRR activities. The weak H adsorption on the
oxidized Ni inhibits the H, formation, but provides H for the
favorable NH; formation on the nearby Ru site in the Ru-O-Ni
matrix with strong NO;~ adsorption, thus promoting the acti-
vated NO;~ to NH; pathway.>® Furthermore, we found that the
oxidized nickel layer did not introduce any significant resis-
tance as indicated by the impedance spectroscopy (Fig. S147).
This suggests that oxidized nickel is crucial for the production
of highly active NITRR catalysts. Additionally, the oxygen
doping in Ru is also essential for nitrate-to-ammonia conver-
sion, but Ru*" is likely to be reduced during NITRR, resulting
in decreasing performance, as reported in the literature.'**
However, the oxidized nickel interlayers and the strong Ru-Ni
interactions can probably stabilize Ru*" and produce sustain-
able NITRR performance.
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Conclusions

This study found that the electrodeposition process produced
a more active Ni/Ru hybrid catalyst for electrocatalytic nitrate-
to-ammonia conversion than the drop-cast Ru nanoparticles
on NF. This was attributed to the interaction between Ru and
nickel substrate formed during electrodeposition. In addition, a
series of electrodeposited Ni/Ru hybrids with different Ru
loading from 0.005 to 0.055 mg cm™> were synthesized on NF,
which has varying oxidized surfaces. The FExy, and Vi, follow
the trend of Ru-25CV/ONF300 > Ru-25CV/pNF > Ru-25CV/
ONF500 > Ru-25CV/rNF > Ru-LPD/pNF. The results showed that
the more oxidized NF produced more active Ni/Ru hybrids for
nitrate-to-ammonia conversion due to the suppressed hydrogen
evolution reaction, with the NF heat treated at 300 °C producing
the highest ammonia yield rate with almost 100% faradaic
efficiency. This work demonstrates the potential to enhance
NITRR performance by tailoring the oxidized nickel interlayer.
Further research should focus on tailoring the distribution of
bi- or multi-metallic atoms at the near-surface regions to further
enhance the catalytic activity and stability.
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