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Microtubular Gas Diffusion Electrode Based on Ruthenium-
Carbon Nanotubes for Ambient Electrochemical Nitrogen

Reduction to Ammonia

Xin Wei,”» Dominik Vogel,” Laura Keller,”’ Stefanie Kriescher,” and Matthias Wessling*™ ®!

The drawback of the energy-intensive Haber-Bosch process
promotes the research and development of alternative ammo-
nia (NH;) synthesis approaches. The electrochemical nitrogen
(N,) reduction reaction (eNRR) may offer a promising method to
produce NH; independent of fossil-fuel-based hydrogen pro-
duction. However, the low solubility and the low-efficiency
mass transport of N, in aqueous electrolytes are still among the
challenges facing the feasibility of eNRR. Herein, we demon-
strate a microtubular ruthenium-carbon nanotube gas diffusion
electrode (Ru—CNT GDE), for the first time, applying it to
electrochemical NH; synthesis in an H-type cell under ambient
conditions. The highest reported Ru-catalyzed NH; yield rate of
2.1x107° mol/cm?s and high faradaic efficiency of 13.5% were
achieved, showing the superior effect of Ru—CNT GDEs on the
eNRR performance. This work provides a new approach for the
design and fabrication of self-standing catalyst-loaded GDEs for
eNRR.

Ammonia (NH;) is an essential fertilizer for the agricultural
field,""" and also attracts attention as a promising energy carrier
because of its high hydrogen energy density and no carbon
dioxide (CO,) emission at decomposition.” Nowadays, the
Haber-Bosch process dominates the industrial NH; synthesis,
consuming two percent of the worldwide annual fossil energy
production to produce NH; under harsh conditions and
resulting in substantial CO, emissions.” The electrochemical
nitrogen (N,) reduction reaction (eNRR) using water as a proton
source is gaining attention as a potential alternative for the
Haber-Bosch process to synthesize NH; using renewable energy
under mild conditions. Meanwhile, the energy demand of the
eNRR process was substantiated by the simulation to be lower
than that of the Haber-Bosch process using coal as a proton
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source.”” However, eNRR faces the extreme challenge of low

reaction activity and intense competition of the hydrogen
evolution reaction (HER) in an aqueous electrolyte due to the
high bond energy of the triply bonded N, molecule (940.95 kJ/
mol).”! In recent years, significant progress has been achieved
in the development of catalysts and the electrocatalytic
mechanism for eNRR. Ruthenium (Ru), as a promising catalyst
for the eNRR, has been well investigated in various particle
sizes,” support materials,®” complexes,® and bimetallic
catalysts,” achieving a significant improvement of NH; yield
rate (ranging from 26x10° " to 7.1x10 ' mol/cm?s) and
faradaic efficiency (0.05% to 29.6%), as listed in Table S1.
However, the low solubility and slow mass transport of N, still
restrict the eNRR feasibility.'” Although ionic liquids were
reported to encounter less of an issue on the low N, solubility,
the application of ionic liquids still suffers from many drawbacks
such as toxicity and high cost in the process for use." In
aqueous electrolytes, gas diffusion electrodes (GDEs) are mainly
considered a promising solution for gas-liquid electrochemical
reactions to facilitate transport and distribute the gaseous
reactants with low solubility. GDEs have been widely deployed
in fuel cells and electrolyzers for the oxygen (O,) or CO,
reduction reactions."? Focusing on tubular GDEs, the high
power density and low fabrication costs present their superi-
ority in electrochemistry."® The use of metallic and carbon-
based tubular GDE led to promising results in solid oxide fuel
cells™ and for the CO, reduction reaction."*'® Notably, micro-
tubular GDEs consisting of carbon nanotubes (CNT) were
reported with highly porous and electrically conductive proper-
ties for wastewater treatment™® and O, reduction."” However, a
few studies employed catalyst-modified plate-shaped GDEs in a
flow cell for the eNRR process, and both the faradaic efficiency
(ranging from 0.01 to 6.0%) and NH; yield (ranging from 0.02 x
107'° to 11.4x 107" mol/cm?s) have room for improvement.”>'®

Here, we present, for the first time, a carbon-based GDE
with a microtubular geometry assembled in an H-type cell for
the electrochemical NH; synthesis in an aqueous electrolyte.
The self-standing microtubular GDE was composed of Ru
nanoparticles loaded on CNTs, where CNTs were applied as the
gas diffusion layer and simultaneously as catalyst support. The
highest reported Ru-catalyzed NH, yield rate of 2.1x107° mol/
cm?s and high faradaic efficiency of 13.5% were achieved using
the Ru—CNT GDEs at 0 V vs. reversible hydrogen electrode (RHE)
in 0.1 mol/L phosphate buffer solution (PBS) under ambient
conditions. The significant eNRR performance was achieved
attributed to the GDE application and the enhancement of the
reactant transport. Additionally, the self-standing microtubular
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geometry showed a beneficial contribution to promote eNRR
performance in the H-type cell.

Ru—CNT nanoparticles were prepared by loading Ru nano-
particles on acid-pretreated CNT by the chemical reduction
method using sodium borohydride (NaBH,) in ethylene glycol
(see Section S1).' Figure 1a shows the scanning transmission
electron microscope (STEM, Hitachi SU-9000) image, which
visualizes the synthesized Ru—CNT nanoparticles. The Ru nano-
particles were highly dispersed on the surface of the CNT
nanoparticles with an average diameter of 2.05+0.35 nm (inset
of Figure 1a). The Ru mass loading of 5.0 wt% was measured by
thermogravimetric analysis (TGA, Netzsch TG 209, Section S1),
as shown in Figure S1.

The Ru—CNT microtubes were prepared following the
schematic illustration in Figure 1b (see Section S2). Firstly, the
Ru—CNT nanoparticles with Ru loading of 5.0 wt% (200 mg)
were dispersed in 200 mL of deionized water (18.2 MQcm)
containing 2 g Triton X-100 (Sigma-Aldrich).”® Subsequently,
the obtained suspension was filtrated through a microfiltration
hollow fiber membrane (PP S6/2, Accurel) in dead-end filtration
mode. The Ru—CNT nanoparticles were rejected inside the
membrane to form a Ru—CNT cake layer. The permeate volume
was controlled to regulate the rejected Ru—CNT mass density of
6 mg/cm?, as described by Gendel et al.”” After the subsequent
wash and dry processes, the hollow fiber membrane was
removed and the cake layer was obtained as the Ru—CNT
microtubes (as shown in Figure 1¢). The Ru loading on the
Ru—CNT microtubes was calculated to be 0.3 mg/cm?. Moreover,
the CNT microtubes as a reference were prepared by the blank
CNT nanoparticles following the same method. The microtubes

(b)IEF
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were characterized by scanning electron microscope (SEM,
Hitachi Table Top TM 3030 Plus) with energy-dispersive X-ray
spectroscope (EDX, Bruker) and by field emission scanning
electron microscope (FESEM, Hitachi S4800) (Figure1 and
Figure S2). A smooth and uniform outer surface with no cracks
is observed in Figure 1d. Further, the interconnected three-
dimensional (3D) porous structure composed of the Ru—CNT
fibers is revealed at higher magnification (Figure 1e). The SEM
image of the Ru—CNT microtubes (Figure 1f) demonstrates the
formation of the hollow tubular geometry. Moreover, the
elemental mapping data of Ru (Figure S3) on the outer surface
and cross-section of the Ru—CNT microtubes confirmed the
existence and the even distribution of ruthenium. Figure 1g
shows the axial cross-section of the Ru—CNT microtube with a
thickness of around 150 um. Moreover, the FESEM image at
higher magnification visualizes the porous network structure
facilitating the N, transport (Figure 1Th). The microtubular
Ru—CNT GDEs, which can connect with the gas and power
supplies, were obtained by assembling the Ru—CNT microtubes
with a dead-end mode (see Section S2 and Figure S4).
Electrochemical measurements were carried out to evaluate
the eNRR performance of the microtubular Ru—CNT GDEs
(Section S3). For this purpose, a gas-tight H-type cell is used
with a three-electrode configuration (Figure 2a). A cation
exchange membrane (Fumapem F-14100, Fuma-tech GmbH)
was placed between its two compartments to separate the
anolyte and catholyte. A platinized titanium mesh (Wieland
Edelmetalle GmbH) and a Hg/Hg,SO, electrode (HgE10NSK7,
Sensortechnik Meinsberg GmbH) were supplied as anode and
reference electrode, respectively. A 0.01 mol/L H,SO, solution

Cake layer Ru-CNT microtube

Synnga k 4
Hollow fiber

Permeate
drops

Figure 1. a) STEM image of Ru—CNT nanoparticles, the inset presents their particle size distribution. b) A schematic illustration of the Ru—CNT microtubes
preparation. c) The photograph of the produced Ru—CNT microtubes. FESEM images of d, e) the outer surface, f) the radial cross-section, and g, h) the axial

cross-section of the Ru—CNT microtube.
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Figure 2. a) Schematic illustration of the eNRR process in the gas-tight H-type cell; b) the picture (top) and schematic (bottom) representation of the
microtubular Ru—CNT GDE supplied with 0.3 bar N,; ¢) the gas-electrolyte-catalyst three-phase interface reaction. d) LSV curves of the Ru—CNT GDE in Ar-
saturated and N,-saturated electrolyte (0.1 mol/L PBS) at a scan rate of 5 mV/s. e) The time-dependent current density curves for the Ru—CNT GDEs at various

potentials (0, —0.1, —0.2,

—0.3, and —0.4 V vs. RHE) for two hours, and f) the corresponding NH; yield rates (grey column) and faradaic efficiencies (blue point).

g) "H NMR spectra obtained by the NH; and "*NH; standard samples and the PBS electrolytes after the electrolysis with using '*N, and "N, as the feeding
gas. The calibration of the chemical shifts in the spectra was conducted by DMSO as an internal standard. h) The time-dependent current density curves for
the Ru GDE at 0 V vs. RHE for seven consecutive cycles, and i) the accompanying NH; yield rates (grey column) and faradaic efficiencies (blue point).

(100 mL) was used as anolyte and a 0.1 mol/L PBS (100 mL) as
catholyte. The catholyte (pH of 7.2) consists of a mixture of
monobasic dihydrogen phosphate (KH,PO,, Sigma-Aldrich) and
dibasic monohydrogen phosphate (K,HPO,, Sigma-Aldrich).
Before each electrolysis, the catholyte was pre-saturated with
either N, (99.999%, Westfalen Austria GmbH) or argon (Ar,
99.999 %, Westfalen Austria GmbH) for 30 minutes. In this work,
the iR-compensated (85%) potentials were converted to the
RHE scale. During the experiments, N, was purged into the
microtubular GDEs with a constant pressure of 0.3 bar (Fig-
ure 2b), which results in a N, flow rate (average 0.48 mL/min)
within two-hour electrolysis. The NH; production reaction takes
place at the gas-electrolyte-catalyst three-phase interface, as
shown in Figure 2c. The concentrations of produced NH; and
N,H, were spectrophotometrically detected after electrolysis by
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the indophenol blue method®” and the Watt-Chrisp method®?
(Section S4 and S5). The corresponding standard absorbance
and linear regression curves are illustrated in Figure S5 and S6.
In this work, the produced H, was not investigated.

First of all, the electrochemical surface area (ECSA), based
on the geometric area of the outside of the GDEs, was
estimated based on the Randles-Sevcik equation® (Section S6,
Figure S7). The Ru—CNT GDE achieved a four-time higher ECSA
(9.3 cm? than the CNT GDE (23 cm?, implying that the
presence of the Ru nanoparticles improved the electrocatalytic
performance. Additionally, compared to the geometric area, the
significant ECSA compared to the geometry area suggests the
blank CNT GDE as a promising gas diffusion substrate for the
catalysts. The linear sweep voltammetry (LSV) measurement
was conducted in N,- or Ar-saturated electrolyte to investigate
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the voltammetric behavior of the GDEs (Figure 2d). The LSV
curve obtained in N,-saturated electrolyte showed a slightly
higher current density than the one in Ar-saturated electrolyte
in the range from 0 to —0.8 V vs. RHE, implying an activity of
the Ru—CNT GDE for the eNRR.**

The Ru—CNT GDEs were used to perform eNRR at various
potentials from 0 to —0.4 with a step of 0.1V vs. RHE for two
hours. Figure 2e presents the time-dependent current density
curves at different applied potentials. The current density was
stable during the two-hour electrolysis at the potentials from 0
to —0.3V vs. RHE. The current density obtained at —0.4V vs.
RHE increased slightly from 42.9 to 53.2 mA/cm’ The slight
fluctuation of the curves could originate from the produced H,
bubbles at more negative potentials. Figure 2f shows the NH,
yield rates (grey column) and the corresponding faradaic
efficiencies (blue point) for all studied potentials. The NH; yield
rate raised from 3.3x107'° to 4.0x 107"° mol/cm?’s by increasing
the negative potential from 0 to —0.1V vs. RHE. The NH; yield
decreased gradually to 2.6x 107" mol/cm?s by further increas-
ing the negative potential to —0.4 V vs. RHE. Furthermore, the
faradaic efficiency decreased from 5.2 % to 0.2% with increasing
the negative potential from 0 to —0.4 V vs. RHE, which can be
ascribed to the competitive HER becoming more dominant at a
more negative potential. Consequently, the maximum NH; yield
rate of 4.0x107' mol/cm®s (at —0.1V vs. RHE) and faradaic
efficiency of 5.2% (at 0V vs. RHE) for the Ru—CNT GDE was
achieved at low overpotential. Furthermore, N,H, as a possible
eNRR side-product was detected during all performance tests
(Figure S8). The highest faradaic efficiency of 0.09% and the
highest N,H, yield rate of 5.0x 10> mol/cm’s were obtained at
0 and —0.3 V vs. RHE, respectively.

To further verify that the detected NH, originates from the
eNRR on the Ru nanoparticles, a series of the control experi-
ments were conducted for two hours. First, electrolysis using
the Ru—CNT GDE was conducted at open circuit potential (OCP)
with N, supplied through the GDE. Second, the electrolysis
using Ar as feed gas was tested by the Ru—CNT GDE at 0V vs.
RHE. Third, the CNT GDE was investigated with N, as feed gas at
0~V vs. RHE. The UV-vis absorption spectra (Figure S9) showed
that only a trace amount of NH; was detected in the control
experiments (Figure S9a-c) compared to the Ru—CNT GDE
supplied with N, (Figure S9d) at 0 V vs. RHE. Concluding, no NH;
was produced without the presence of the Ru catalyst, N,, and
potential. To further verify the N source of detected NH; in the
electrolyte,” the N, isotope labeling experiment was per-
formed in the setup with gas circulation (Figure S10) at —0.1V
vs. RHE in 0.1 mol/L PBS catholyte for two hours, as described in
Section S7. The 'H nuclear magnetic resonance (‘H NMR)
spectra (Figure 2g) display a triplet coupling for NH," and a
doublet coupling for °"NH,* when "N, and N, were supplied
as the feeding gas. The result indicates the detected NH;
originates from the Ru-catalyzed electroreduction of N,. More-
over, NO, as the possible contamination was verified to lead to
a false-positive effect on eNRR; meanwhile, NO, can be involved
in the electrochemical system through the feeding gas, electro-
lytes (for instance, lithium sulfate), and the catalysts.”>~® Hence,
the possible presence of nitrate (NO;7) and nitrite (NO,")
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involved in the electrochemical system was carefully inves-
tigated with the ion chromatography and the colorimetric test
(see Section S8, Section S9; and the corresponding calibration
samples in Figure S11 and Figure S12). Three samples were
prepared for both NO;~ and NO, ™ detection: (1) 100 mL original
PBS catholyte, (2) 100 mL PBS catholyte with purging N, with a
flow rate of 80 mL/min for 24 hours, (3) 100 mL PBS catholyte
with bubbling N, through the Ru—CNT GDE at 0.3 bar for two
hours. As a result, no significant absorbance increase for both
NO;~ and NO,” were recognized on the detection spectra in
any case compared to the referencing sample deionized water
(dash line), as shown in Figure S13. The results indicated that
no significant presence of NO, exists as an impurity in the
system. Therefore, the detected NH; is confirmed to be
produced by the electrochemical reduction of N, in this work.

Furthermore, the stability of the Ru—CNT GDE was inves-
tigated by 48 hour electrolysis at 0 V vs. RHE. A constant current
density curve was achieved within the stability experiment, as
shown in Figure S14. Besides, seven consecutive experimental
cycles using the same Ru—CNT GDE were tested under the same
conditions to investigate the reproducibility. After each experi-
ment, the Ru—CNT GDE was washed under stirring in deionized
water for two days and dried in a vacuum oven (35°C and
40 mbar) for one day. Figure 2h illustrates the stable time-
dependent current density curves within each repetitive two-
hour electrolysis cycle. However, the average current densities
degraded after the first cycle and then remained similar.
Figure 2i shows the obtained NH; yield rates and faradaic
efficiencies for each cycle. The yield rate degraded after the first
cycle and stayed constant for the following cycles. However, the
faradaic efficiencies remained in a range between 8.9% and
3.3%. By analyzing the GDE morphology, the degradation of
the NH; yield rate after the first cycle could be explained as the
pore blockage by the crystallization. The GDE after the experi-
ment was microscopically characterized (Figure 3a and Fig-
ure S15a), indicating a non-homogeneous distribution of a
crystal layer on the outer surface of the GDE. The uncovered
areas correspond to the purple areas in the EDX elemental
mapping of carbon distribution (Figure S15b), implying the
original surface of the GDE. The EDX elemental mapping
visualizes the coverage of the GDE with the crystal layer,
composed of oxygen (O, Figure S15c), potassium (K, Fig-
ure S15d), and phosphorus (P, Figure S15e). These elements are
the main components of catholyte (a mixture of KH,PO, and
K,HPO,, see Section S3). However, P and K were still present on
the outer-surface and cross-section images of the GDE after
washing two days in deionized water (Figure 3b-c and Fig-

Figure 3. SEM images of the outer surface of the Ru—CNT GDEs after two-
hour electrolysis: unwashed (a) and those washed whilst stirring in deionized
water for two days at low magnification (b) and high magnification (c).
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ure S16). The results imply that salt crystals formed remained at
the surface and in the pores after the first experiment, which
was not entirely removed by the washing process. The presence
of the salt layer also reduces the mass transport of N, and,
therefore, less N, can reach the active sites on the catalyst
where the eNRR takes place. A further investigation of the
applied electrolyte and the pore structure of GDEs is required
to eliminate the shortcomings.

So far, the above achievements were obtained using
Ru—CNT GDEs with a Ru loading of 0.3 mg/cm? To investigate
the influence of the catalyst amount on the eNRR performance,
the GDEs with various Ru loading were performed eNRR at 0 V
vs. RHE for two hours. Therefore, GDEs with a Ru loading of 0.64
and 0.87 mg/cm?® (Figure S1) were additionally prepared. Fig-
ure S17a shows the constant current density curves for the
GDEs with different Ru loading and a higher Ru loading
promotes the current density. Moreover, the highest NH; yield
rate and faradaic efficiency were achieved by using the GDE
with the highest Ru loading of 0.87 mg/cm?® (Figure S17b),
implying a positive effect of the significant Ru nanoparticle
loading. To investigate the mass transport improvement by the
GDE, the eNRR experiments were conducted using the Ru—CNT
microtubes (0.87 mg/cm? Ru loading) with three different ways
of gas supply at OV vs. RHE for two hours. Figure 4a
demonstrates the ways of gas supply: (1) N, saturation of the
atmosphere above the electrolyte (N, atm.); (2) N, supply into
the electrolyte (N, in sol.); and, (3) N, supply through the GDE
(N, in GDE). Thereby, the physically absorbed N, in the catholyte
was electro-reduced to form NH; in configurations (1) and (2).
In contrast, a three-phase boundary was created by using the
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Figure 4. a) Schematic representations of the gas supply during the
electrolysis: N, atmosphere (N, atm.) (1), bubbling N, in the catholyte (N, in
sol.) (2), and bubbling N, through GDE (N, in GDE) (3). b) The NH; mass
change per geometric electrode area using three different ways of N, supply
(1. ., 2. @ and 3. A) at 0 V vs. RHE. The solid lines present the
accompanying linear regression curves. c) The corresponding NH; yield rates
(grey column) and faradaic efficiencies (blue point).
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Ru—CNT microtube as a GDE in configuration (3). A stable time-
dependent current density of —4.4 mA/cm® was achieved by
the configuration (3) with the gas supply through the GDE
(Figure $18). However, the current densities decreased signifi-
cantly from —22.8 to —1.0 mA/cm?’ by the configuration (1), and
from —19.3 to —2.1 mA/cm? by the configurations (1) and (2) in
the first hour. The apparent degradation of the current densities
implied the diffusion limitation of N, into the electrolyte."”
Figure 4b shows the mass change of the produced NH; during
the electrolysis, which was recorded every 20 minutes. The NH,
mass per geometric area of the electrodes linearly increased for
the different ways of gas supply, whose linear regressions
resulted in different slopes. The slopes are determined by linear
regression (using OriginPro 2019) of the data points from
20 minutes on. The highest slope of 22.5 was obtained (3) by
supplying the gas through the GDE, which was around 2.8
times higher than (2) by providing the gas into the electrolyte
and almost 30times higher than (1) by saturating the
atmosphere above the electrolyte with N,. Moreover, the eNRR
results obtained using the three different configurations were
displayed in Figure 4c. The electrolysis by purging N, through
the GDE resulted in the highest NH; yield rate of 2.1x107° mol/
cm?s and faradaic efficiency of 13.5%, compared with bubbling
N, in the electrolyte and keeping N, atmosphere above the
electrolyte. These results outperform the most reported Ru-
catalyzed eNRR result (Table S1), highlighting the positive
influence on the mass transfer by supplying the N, through the
GDE.

In summary, a novel microtubular Ru—CNT GDE was
demonstrated, for the first time, for the NH; synthesis under
ambient conditions. The self-standing microtubular GDE as-
sembled in an H-type cell was functioning as both the cathode
and gas diffusion layer. The highest reported Ru-catalyzed NH,
yield rate of 2.1x 107 mol/cm?s and high faradaic efficiency of
13.5% were achieved using the Ru—CNT GDEs with a Ru loading
of 0.87 mg/cm? in 0.1 mol/L PBS at 0 V vs. RHE. The remarkable
results show the superior promotion of the Ru—CNT GDEs on
the eNRR performance. By comparing with the typical electrol-
ysis operation in the H-type cell, the application of GDE was
proved to be imperative for the favorable reactant mass
transport to promote eNRR. This work provides a new approach
for designing and fabricating catalyst-loaded GDEs, which
presents a beneficial improvement and ideal electrode support
for catalyst-loaded evaluation assembled in the H-type cell
towards eNRR.
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