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Metal Alloy-Functionalized 3D-Printed Electrodes for
Nitrate-to-Ammonia Conversion in Zinc-Nitrate Batteries

Si Liu*,® Yupeng Zhao*,*" Zhengfan Chen,”" Dandan Gao,*" Fan Feng,!
Tobias Rios-Studer,” Joachim Bansmann, Johannes Biskupek, Ute Kaiser,"” Rongji Liu,*™°®

and Carsten Streb*® "

Electrocatalytic nitrate reduction is a promising approach to
remove harmful nitrate and produce ammonia in aqueous
media. Here, we demonstrate how 3D printed polymer electro-
des can be electroless plated with a bimetallic NiCu alloy film
suitable for sustained nitrate-to-ammonia reduction. Character-
ization by powder X-ray diffraction, X-ray photoelectron spec-
troscopy, scanning/transmission electron microscopy and en-
ergy-dispersive X-ray spectroscopy indicate that the electrode
has a two-layer structure consisting of polymer/ coating layer of

Introduction

NH; is a fundamental indispensable ingredient for chemical
synthesis, agriculture and pharmaceuticals industry.!? Large
scale production of NH; was not feasible until the Haber-Bosch
process was developed, which requires high temperature and
pressure to drive the combination reaction of N, and H,.* This
process has dramatically improved the production of fertilizer
and facilitated the manufacture of nitrogen-containing com-
pounds in industry. However, as a result of the high energy
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metal alloys. The composite electrode shows high-performance
in the nitrate-to-ammonia electroreduction, giving NH; Faradaic
efficiencies of up to 83% and NH; yield rates up to 860 pg/
(hcm?) at —0.38V vs. RHE. We show that the electrode can
easily be integrated into a Zn-nitrate battery, giving a power
density of 3.8 mWcm? with continuous NH; production. The
system combines three productive outputs, that is removal of
nitrate pollutants, synthesis of valuable ammonia and gener-
ation of “green” electricity.

barrier of the reaction and the growing demand for NH,, Haber-
Bosch cost nearly 2% of global energy and result in 400 Mt of
CO, emission yearly.” To address this problem, the reduction
of N, to NH; (NRR) using H,0 as the proton source and powered
by renewable electricity has garnered public attention due to
its potential to address CO, emissions and offer a sustainable
pathway for the future NH; industry. However, the high energy
barrier for breaking the N=N triple bond and the low-efficiency
mass transport at the gas-liquid-solid interface significantly
impede this approach. As an alternative, the nitrate (NO;7)
electroreduction to NH; (NO;RR) is energetically more favorable
than direct NRR for NH; electrosynthesis, particularly since
nitrate is an ubiquitous water pollutant (due to intensive
agriculture), has a high water solubility and a low dissociation
energy for the N=0 bond. Thus, ammonia generation by nitrate
reduction could be an efficient path to access a valuable
chemical while removing aqueous pollutants.

The conversion of NO;™ to NH; is a complex proton-coupled
eight electron process involving a sequence of intermediates.
According to theoretical studies, Cu binds hydrogen poorly but
adsorbs nitrate radicals and NO;RR intermediates strongly,
resulting in remarkable selectivity for NH; generation.®” In
addition to metallic Cu, CuO, Cu,0, and Cu;P were also reported
as NO;RR catalysts with high Faradaic efficiency (FE).'*"
Furthermore, bimetallic or multimetallic Cu alloys exhibit higher
activity and selectivity than monometallic Cu-based electro-
catalysts, allowing for controllable intermediate adsorption and
increased conversion efficiency by adjusting the elemental
composition and electronic structure of the catalyst."*%?

In addition to the activity and selectivity of the catalyst
itself, the architecture, conductivity, and cost of the substrates
must all be addressed in consideration of manufacturing the
supporting electrodes. An ideal electrode substrate should
facilitate mass transfer, possess a large specific surface area for
catalyst deposition, and enable rapid release of products. Most
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recently, 3D printing has garnered much attention in fabricating
electrodes owning to the simple fabricating process, flexible
structure building, wide range of printed materials and low
cost. B¢

This work developed a general method for preparing 3D
printed electrodes for the NO;RR. The commercial thermoplastic
polymer acrylonitrile butadiene styrene (ABS) was used, and 3D
printed into a microstructured lattice support. Subsequent
surface modification of the ABS resulted in the generation of
surface carboxyl and amino groups suitable for metal coordina-
tion (focus: Ni**, Cu®*). Then, the NiCu alloy was coated onto
the polymer surface by electroless plating. The resulting
electrode was tested for the NO;RR in aqueous media and
showed excellent performance. Its integration into an aqueous
Zinc-nitrate battery demonstrated the technological utility of
the electrode system.

Results and Discussion

The 3D printed electrodes were fabricated in a three-step
process involving 3D printing, chemical surface etching, and
electroless plating (Scheme 1). The electrodes were designed
and 3D printed with a microstructured lattice pattern to

Chemically etched

As printed ABS mesh ABS mesh

MnO, oxidation

Electroless plating
S \

increase their surface area and mass transfer properties
(Scheme 1 and S, Figure S1a) based on earlier works by some
of us.”” Based on these reported studies, the ABS polymer
surface of the electrode was then oxidized to generate
carboxylate and amine binding sites for metal ion coordination
(Scheme 1).

To study the impact of the metal composition, we prepared
the following electrodes: pure Ni (Electrode 1), pure Cu
(Electrode 2) and bimetallic NiCu alloy (Electrode 3). Elec-
trode 1 was prepared as reported recently by some of us.””
Electrode 2 was prepared using a similar method using Cu?**
instead of Ni** for electroless plating (see Sl). Electrode 3 was
fabricated by electroless plating with a NiCu alloy. This was
achieved using aqueous solutions of NiSO,-6H,0 and CuSO,
which were reduced in a self-catalyzed reaction using NaH,PO,
as reductant (see Sl). The plating temperature was optimized at
60°C based on an optimum deposition rate and the low glass
transition point of ABS.*?” The detailed procedures of
preparing three electrodes are described in the SI.

Figure 1Ta shows the powder X-ray diffraction pattern
(pXRD) of Electrode 1, 2 and 3. The broad peaks for Electrode 1
and Electrode 2 at ~20° are attributed to the printed ABS. This
feature was not observed in Electrode 3 due to the strong NiCu
alloy signal. Following Ni electroless plating, new peaks evolve

NiCu /ABS mesh
(Electrode 3)

M:E)y HOOC
COOH

c=C

-~

SnCl, solution PdCI, solution

NiCu plating
solution

Scheme 1. Schematic illustration of the chemical etching, electroless plating with NiCu metal on 3D printed ABS mesh electrodes.
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Figure 1. (a) pXRD patterns for Electrode 1, 2 and 3. (b) high resolution XPS spectra of Ni 2p for Electrode 1 and 3. (c) high resolution XPS spectra of Cu 2p for

Electrode 2 and 3.
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at ~45°, 52° and 76° correspond to metallic Ni. Similarly, due to
the coating of Cu, the pXRD pattern in Electrode 2 shows
prominent metallic Cu peaks at ~43.4°, 50.4°, and 74.0°. It is
worth noting that the peaks at ~36.6°and 61.6° demonstrate
that part of Cu’" in the plating solution were only be partially
reduced to Cu,O, as previously observed.”" In Electrode 3,
there is no discernible signal for Cu,0, since NaH,PO, was used
as strong reducing agent (rather than HCHO used for the
synthesis of Electrodes 1/2). The pXRD patterns in Figure 1a
illustrate that Electrode 3 shows signals consistent with a face-
centered cubic lattice characteristic for Ni, Cu and their alloys.
The larger lattice spacing observed for Electrode 3 (marked
with dashed lines) is due to the increased lattice constants due
to the larger atomic radius of Cu compared with Ni.®>*!

The surface compositions of the electrodes were inves-
tigated by X-ray photoelectron spectroscopy (XPS). The survey
XPS spectrum of Electrode 3 shows no Pd was left on the
electrode though we used PdCl, solution during the treatment
of ABS substrates (Figure S1d). Figure 1b illustrates that the Ni
species on the surface of Electrode 1 and Electrode 3 are
comparable, showing a main contribution from Ni**,*¥ which is
presumably formed by surface-oxidation of the metallic nickel
deposited. In addition, the signal at 851.4 eV observed for
Electrode 3 indicates the presence of metallic Ni. In contrast, no
metallic Ni peak was observed in the Electrode 1. This might be
resulted from the formation of a thick NiO/Ni(OH), surface
layers, so that no XPS signal of the underlying Ni metal is
observed. The Cu 2p XPS for Electrode 2 shows the character-
istic peaks for Cu(l) (peaks at 951.8 and 932 eV correspond to
the Cu(l) 2p,,, and Cu(l) 2ps,, respectively) and Cu(ll) (peaks at
953.6 and 933.8 eV correspond to the Cu(ll) 2p,,, and Cu(ll) 2p;,
., respectively) species, and the satellite peaks from high-spin
Cu(ll) ions, indicating the co-existence of Cu,0 and CuO/
Cu(OH), on the surface (Figure 1¢).% In comparison, mainly
metallic Cu peaks (peaks at 951.6 and 931.7 eV correspond to

the Cu(0) 2p,,, and Cu(0) 2ps,, respectively) are observed for
Electrode 3, which is consistent with the pXRD result.

The morphology of Electrode 1 was analyzed by scanning
electron microscopy (SEM), which indicates the deposited Ni
layer on printed ABS substrate has a wrinkled structure
composed of aggregated particles with diameters between
~700 nm to 1.5 um (S|, Figure S2). In comparison to Electrode 1,
the electroless Cu coating layer on Electrode 2 is composed of
aggregated particles with a diameter of approximately 500 nm
(SI, Figure S3). According to Figure S4a, b, the Cu particles are a
mixture of polycrystalline and amorphous structures, which was
further confirmed by the selected area electron diffraction
(SAED) pattern (SI, Figure S4c). The high-angle annular dark-
field scanning-transmission electron microscopy (HAADF-STEM)
and corresponding energy-dispersive X-ray spectroscopy (EDX,
Sl, Figure S5) mapping illustrates the distribution of the main
elements, Cu and O, in the coating layers of Electrode 2. It is
worth noting that there are also C and N with the atomic ratio
of C/N=4/1, confirming the presence of residual EDTA (from
the synthesis) on the copper surface®® The SEM image of
Electrode 3 shows the NiCu coating layer on printed ABS
substrate has a rough surface (Figure S1b,c) contains dense
aggregates of nanoparticles with diameters around 100 nm
(Figure 2a). While the TEM image of the NiCu coating layer of
Electrode 3 (Figure 2b) demonstrates that the formed NiCu
layer has a thick dense stacked structure. The SAED pattern
(Figure 2c) shows the randomly ring features which confirm the
polycrystalline structure of the plated metal particles. The EDX
mapping images of the NiCu coating layer on printed ABS
substrate indicate the homogenous distribution of Ni, Cu, O,
and P (Figure 2d—q).

To investigate the electrocatalytic NOsRR performance of
the as-prepared electrodes, a three-electrode system with the
as-prepared electrodes as working electrode, Pt wire as counter
electrode, saturated calomel electrode (SCE) as reference

Figure 2. Microscopic characterization of Electrode 3. (a) SEM image, (b) TEM image, (c) SAED pattern 3, (d-g) EDX elemental mapping analysis.
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electrode was set up in a H-cell. The anolyte and catholyte were
separated by Nafion membrane. To evaluate the performance
of the electrodes, linear sweep voltammetry (LSV) curves were
collected from 04 to —0.8V vs. RHE in 0.5M Na,SO, as
electrolyte with and without 50 MM NaNO,. In comparison,
Electrode 1 (Figure S6) was more active for the hydrogen
evolution reaction (HER) compared with NO;RR due to the Ni
coating,"” while both the LSV curves of Electrode 2 (Figure S7)
and Electrode 3 (Figure 3a) show the obvious increase of
current density in the presence of NO;~ with the onset potential
at around —0.21V, indicating the efficient role of Cu based
catalysts (here Cu, Cu,0 and CuO/Cu(OH),) for NO;RR. Mean-
while, for both Electrode 2 and Electrode 3, the current density
increased sharply to its transport-limited value (from —0.4V to
—0.6 V) of ~50 mA/cm? for NO,~ reduction, and then further
increased as a result of the occurrence of HER (Figure 3a and S,
Figure S7). The selectivity of Electrode 1, Electrode 2 and
Electrode 3 under various applied potentials was further
investigated by 2 h of chronoamperometry in 0.5 M aqueous
Na,SO, containing 50 mM NaNO; (Sl, Figures S8-S10). The
presence of NH,* and NO,™ was quantified by UV-vis spectro-
scopic analyses. To create the calibration curves, a series of
electrolytes with known concentrations of NH,Cl and NaNO,
were measured using a colorimetric approach (SI, Figure S11).
Figure 3b and SI, Figure S12 show the corresponding FE of
NH,” for Electrode1, 2 and 3. As shown in Figure 3b,
Electrode 3 shows increasing FE for NH,™ within the potential
range from —0.18 to —0.38V, reaching a maximum value of
83% at —0.38 V. However, at —0.48 V and —0.58 V, the FE was
slightly reduced to 82% and 70% respectively, which might be
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related to the competitive undesired HER. In contrast, for
Electrode 1, the maximum FE was obtained at —0.18 V (62 %),
then declined linearly to 16% at —0.58V, indicating the
increasing HER selectivity (Figure S12a) when the overpotential
is increasing; while for Electrode 2, the FE of NH," indicates a
volcano-like distribution with the peak value of 76% at —0.48 V
(Figure S12b). The comparison reveals that Electrode 3 contain-
ing Ni and Cu exhibits higher NH,* efficiency than Electrode 2
containing only Cu in all the investigated potential ranges. The
above findings indicate that Electrode 3 is the most efficient
electrode for NO;~ to NH; conversion, possibly owing to the
synergistic effect between Ni and Cu.®” The NH," yield rate was
further calculated to evaluate the performance of Electrode 3
(Figure 3c). As expected, at the onset potential region of the
reaction, Electrode 3 demonstrates low NH," vyield rate
(111 pg/(hcm? at —0.18V) and then it increases to 861 pg/
(hcm?) at —0.38 V. However, this value remains constant even
at more negative applied potentials, which is in accordance
with the mass-transfer limiting platform (from —0.4 V to —0.6 V)
in the LSV curves."” It should be noted that Electrode 1 and
Electrode 2 showed higher NH,™ yield rate at some potentials
compared with Electrode 3 (Figure S12c¢), which may be due to
the higher current densities of these electrodes. The NiCu based
Electrode 3 also shows comparable activities with the current
reported NiCu based catalysts (Table S1), however this work
shows a feasible green method for the synthesis of the
electrodes based on the 3D printed substrates.

Further, the effect of NO;~ concentration on the catalytic
performance of Electrode 3 was also studied. As shown in SI,
Figure S13a, the current density in the LSV curves improves as
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Figure 3. Electrocatalytic NO; ™ -to-NH; conversion by Electrode 3. (a) LSV curves of Electrode 3 in 0.5 M Na,SO, and 0.5 M Na,SO, + 50 mM NaNO;. (b) FE of
NH," and NO,~ on the Electrode 3 at different potentials. (c) NH," yield rate of Electrode 3 in 0.5 M Na,SO, + 50 mM NaNO; at different potentials and (d)

Stability test of Electrode 3 at —0.38 V vs. RHE.
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the concentration of NaNO,; increases. Further analyses show
that both the FE and yield rate for NH,* were decreased when
we increased the concentration of NaNO; to 100 and 200 mM
compared with that in 50 mM, which could be due to the
higher NO,™ selectivity in high nitrate concentration (Fig-
ure S13b,¢).

The experimental results show that Electrode 1 (containing
Ni) works efficiently as a HER catalyst, while Electrode 2
(containing Cu) works efficiently for NO;~ conversion to NH,.
The synergistic effect of Ni and Cu in Electrode 3 further
promotes the NO,~ to NH; conversion, thus increasing the NH,
selectivity.

It is understood that the conversion of NO;~ to NH; can be
separated into a number of elementary reactions. Initially, NO;~
is adsorbed to form *NO,", followed by a series of deoxidation
processes (*NO;”—*NO, —*NO—*N), and subsequently, se-
quential hydrogenation of *N occurs (*N—*NH—*NH,—
*NH,).%**® It has been reported that Ni alloying with Cu can
induce an upshift of the Cu d-band center towards the Fermi
level in CuNi alloys, thereby increasing the binding strength of
NO;RR intermediates on the catalyst surface. This enhanced
binding suppresses the desorption of intermediates and
promotes their further hydrogenation, ultimately leading to
increased ammonia production.’?”

NMR was used to confirm NH,* amount in the electrolyte
and exclude the possible contamination effect from the
environment. Similar to the UV-vis approach, the calibration
curves were obtained by preparation of reference electrolytes
containing known concentrations of NH,Cl and ""NH,Cl. The

intensity of the NMR signals increases as the concentration of
"NH,Cl or "®NH,Cl increases, as shown in SI, Figure S14 a,b, and
the "H NMR spectra exhibit the characteristic feature of three
peaks for “NH,Cl and two peaks for *NH,Cl. The electrolytes
were collected after 2 h electrocatalysis at —0.38 V vs. RHE in
the electrolyte containing 50 mM Na'*NO; or Na’NO,. In the
Na'°NO; labeled electrolytes, only two peaks emerge in '"H NMR
spectra as shown in SI, Figure S15, indicating that the NH,
generated is from electrochemical nitrate reduction rather than
contamination. The FE for “NH," and *NH," are 73% and 67 %
respectively.

Long-term stability is another critical criterion in determin-
ing the suitability of the electrode for practical application.
Electrode 3 was therefore operated at the optimum conditions
(—0.38V vs. RHE for 2 h in the electrolyte containing 50 mM
NaNO;) and recovered, washed, and reused for 6 runs, see SI,
Figures S16, S17. The FE of NH,* declined slightly during cycling
but remained at 78% in the 6" cycle, indicating of the high
stability of Electrode 3 (Figure 3d). Furthermore, the corre-
sponding FE of NO,~ underwent little variations during cycling.
SEM measurement was used to reveal the potential morphol-
ogy change for the cycling tested electrode, which shows
virtually no changes compared with the fresh samples (SI,
Figure S18). In addition, pXRD analysis shows the same
characteristic signals as the pre-catalytic sample (SI, Figure S19).

For practical application, we further constructed a novel Zn-
nitrate battery utilizing Electrode 3 as the cathode and zinc foil
as the anode (illustrated schematically in Figure 4a).'**4" As
depicted in Figure 4b, the battery maintains a constant open
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Figure 4. Electrochemical performance of hybrid aqueous Zn-nitrate batteries based on Electrode 3. (a) Schematic illustration of the Zn-nitrate battery with Zn
anode and Electrode 3 cathode. (b) Open-circuit voltage of Zn-nitrate battery. (c) Discharge polarization curves and corresponding power density curves of
the Zn-nitrate battery. (d) Discharging curves at different current densities of 2, 4, 6, 8, 10 and 15 mA/cm”. (e) NH," FE and NH, " yield rate of Zn-nitrate
battery after 0.5 h discharging. (f) A photograph of an electronic timer powered by our Electrode 3 based Zn-nitrate battery, operating for ~25 h.
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circuit voltage (OCV) of 1.22V for at least 1 hour. Figure 4c
displays the charge-discharge LSV curves of the Electrode 3-
based Zn-nitrate battery. The discharge curve demonstrates an
increasing output current density as the cathodic potential
becomes more negative. The power density of the battery
peaks at 3.8 mW/cm? (Figure 4c). Figure 4d depicts the time-
dependent discharge curves of the Zn-nitrate battery under
different currents ranging from 2 to 15 mA/cm? indicating
good long-term electrochemical stability. Figure 4e illustrates
the NH," vyield and corresponding FE during discharge at
various output current densities. The Electrode 3-based Zn-
nitrate battery achieves a high NH," formation rate of
approximately 410 ug/(hcm? and attains an FE of 35% at
15 mA/cm?. Furthermore, the Electrode 3-based Zn-nitrate
battery powers an electronic timer for at least 25 hours
(Figure 4f). In summary, the Zn-nitrate battery system expands
the scope of Zn-based batteries. The Zn-nitrate battery system
achieves three objectives: sustainable energy supply, NH;
electrosynthesis and degradation of the NO;~ pollutant in
wastewater.

Conclusions

In summary, we report the design of a 3D printed, Ni—Cu alloy
functionalized electrode for efficient nitrate-to-ammonia reduc-
tion. When compared with the pure Ni and Cu coated electro-
des, the mixed NiCu coated electrode exhibited higher Faradaic
efficiency for electrosynthesis of NH; from nitrate. In addition,
we report high stability and reusability of the electrode.
Integration of the electrode into a Zn-nitrate demonstrated its
operational capacity for combined sustainable electricity pro-
duction, NH; electrosynthesis, and NO;~ pollutant degradation.
The reported approach could in future allow the facile, scalable
design of (multi)functional 3D printed electrode materials.
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