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3D printed carbon surface
chemistry for electrocatalytic nitrite oxidation and
reduction to ammonia†

Wanli Gao,a Jan Michaličkab and Martin Pumera *acd

Nitrite contamination in agricultural and industrial wastewater presents a critical impact on environmental

sustainability, demanding efficient strategies for monitoring and remediation. This study addresses this

challenge by developing cost-effective electrocatalysts for both nitrite detection and conversion to value-

added ammonia. 3D printed carbon materials are explored as bifunctional platforms for the

electrochemical nitrite oxidation reaction (NO2OR) and nitrite reduction reaction (NO2RR). Benefiting from

the inherent Ti-dominated metallic impurities and intrinsic surface features of carbon nanotubes, 3D

printed carbon electrodes exhibit electrocatalytic activity for both reactions. To enhance this activity, we

further introduce an effective fabrication methodology that combines 3D printing of carbon substrates with

precise surface modification using atomic layer deposition (ALD) of TiO2. The resulting TiO2-coated carbon

electrode demonstrates significantly improved electrocatalytic properties. For NO2OR, it exhibits a peak

current density of 0.75 mA cm−2 at 1.53 V vs. RHE, while for NO2RR, it achieves a yield rate of 630.5 mg h−1

cm−2 with a faradaic efficiency of 81.9% at −1.06 V vs. RHE. This enhancement in electrocatalytic activity is

primarily attributed to the formation of abundant interfaces between the conductive carbon and ALD-

coated TiO2. The developed methodology not only enables precise modification of 3D printed carbon

surface chemistry but also presents a scalable method for electrocatalyst production.
1. Introduction

Ammonia (NH3) is a cornerstone of global agriculture and
economy.1 It is increasingly recognized as a potential hydrogen-
rich and carbon-free energy carrier, which makes it valuable in
the pursuit of sustainable energy storage and transport. Tradi-
tionally, NH3 has been produced via the Haber–Bosch (HB)
process, which requires stringent conditions of high temperatures
(>400 °C) and pressures (>100 bar) to facilitate the reaction
between nitrogen and hydrogen (N2 + 3H2 / 2NH3). The HB
process relies heavily on carbon-intensive steam methane
reforming for H2 production, consuming approximately 1% of the
global energy supply derived from fossil fuels. As a result, this
process generates a substantial amount of carbon dioxide,
accounting for 1–2% of global carbon emissions.2 This signicant
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environmental impact has motivated growing scientic efforts to
search for sustainable alternatives to the HB process.

Electrochemical NH3 synthesis offers a promising pathway for
NH3 production due to its compatibility with intermittent
renewable electricity sources.3–6 Among various electrochemical
approaches, the electrochemical nitrite reduction reaction
(NO2RR) emerges as a compelling alternative to theHB process for
decentralized NH3 production.7–9 This primarily stems from the
high water solubility of nitrite and the relatively low dissociation
energy of the N]O bond (204 kJ mol−1) compared to the direct
cleavage of N^N (941 kJmol−1).10,11 Furthermore, due to excessive
emissions and the lack of effective treatment methods, nitrite is
prevalent in agricultural and industrial wastewater, which pres-
ents a critical challenge to environmental sustainability.12,13 In this
context, electrochemical nitrite oxidation reaction (NO2OR)14–17

and conversion to value-added NH3 play crucial roles in both
monitoring ecosystem health and mitigating environmental
degradation.18 The practical implementation of these electro-
catalytic processes is closely linked to the development of efficient
electrocatalysts. Recent research on NO2OR and NO2RR has
mainly focused on metal-based catalysts,19–21 while carbon mate-
rials, despite their proven efficacy in other electrochemical
processes (e.g., water splitting) and their widespread use as
conductive substrates for electrocatalysts,22–24 remain largely
unexplored as direct electrocatalysts for these two reactions.
Additionally, scalable and cost-efficient fabrication methods for
This journal is © The Royal Society of Chemistry 2024
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these carbon electrocatalysts are another important consider-
ation. Although emerging research has begun to explore advanced
fabrication techniques, there remains a signicant lack of effec-
tive methodologies for precisely tuning the surface chemistry of
these carbon electrocatalysts to achieve desired functionalities.

3D printing is a promising technique for fabricating self-
supported electrocatalysts with on-demand structure and high
efficiency, opening up possibilities for scalable production of
electrocatalysts.25–27 Particularly, fused deposition modeling
(FDM) 3D printing of 1-dimensional (1D) carbon laments
inherently containing Ti-dominated impurities has attracted
growing interest in the fabrication of electrocatalytic electrodes.28

Although such 3D-printed 1D electrodes show promising elec-
trocatalytic performance,29 their activity is closely related to the
exposure of Ti-dominated impurities on the electrode surface.30,31

However, these impurities account for only about 1 wt%,24 with
an even smaller fraction exposed on the electrode surface, thus
greatly restricting their broader applications. To overcome this
limitation, precise surface engineering of 3D-printed 1D carbon
frameworks is essential. Atomic layer deposition (ALD) stands out
as an effective and compatible technique for modifying the
surface chemistry of 1D electrodes. Unlike conventional methods
such as chemical vapor deposition and sputtering, ALD enables
the deposition of conformal thin lms on high-surface-area,
tortuous networks through sequential, self-limiting surface
reactions.32,33 This unique capability allows for the creation of
uniform functional layers even on complex 3D-printed architec-
tures.24 Furthermore, ALD offers unparalleled control over
coating thickness and uniformity at the Ångström scale, a level of
precision that preserves the initial porous electrode architecture
while introducing desired surface functionalities. This combi-
nation of conformality and atomic-level control makes ALD an
ideal technique for enhancing the electrocatalytic properties of
3D-printed 1D carbon frameworks, potentially unlocking their
full potential in electrochemical NO2OR and NO2RR.

This work explores the potential of 3D-printed 1D carbon
materials as direct electrocatalysts for both nitrite detection and
conversion. To expand their applications, an advanced electro-
catalyst fabricationmethodology is developed, which starts with
the 3D printing of 1D carbon substrates and culminates in
atomic-scale tuning of surface chemistry using TiO2. Precise
tuning of TiO2 deposition via ALD is used to engineer the
surface structure of 1D carbon, creating abundant interfaces
between the conductive carbon nanotubes (CNTs) and ALD-
coated TiO2. These CNT/TiO2 interfaces play a pivotal role in
enhancing electrocatalytic reactions. The developed method-
ology enables effective modication of the 3D-printed carbon
surface chemistry, thereby expanding the potential of 3D-
printed carbon materials for electrocatalytic applications.

2. Experimental section
2.1. Fabrication of carbon frameworks by 3D printing and
post-printing activation

Carbon frameworks, with a thickness of 0.45 mm and a diam-
eter of 9 mm, were designed using Autodesk Fusion 360 so-
ware. To facilitate connection to the working electrode,
This journal is © The Royal Society of Chemistry 2024
a connecting strip was integrated into each carbon framework.
The design was then sliced via PrusaSlicer soware and expor-
ted as a G-code le. Subsequently, the carbon frameworks were
3D printed based on the G-code le using a Prusa i3 MK3
printer (Prusa Research, Czech Republic) and commercially
available conductive carbon lament (BlackMagic, Graphene
Supermarket, USA). The nozzle and the bed temperature of the
printer were set to 230 °C and 60 °C, respectively. The as-printed
carbon frameworks were immersed in a 1 M NaOH solution for
3 h to partially remove the surface polylactic acid (PLA) through
the chemical saponication reaction, followed by rinsing with
deionized water and drying in the air.

2.2. Atomic layer deposition of titanium dioxide (TiO2)

The TiO2 was deposited on 3D printed carbon frameworks using
an oxygen plasma atomic layer deposition system (ALD, Ultratech/
CambridgeNanoTech Fiji 200). Tetrakis(dimethylamido)titaniu-
m(IV), 99%, TDMAT, Strem Chemicals, was used as Ti precursor,
and oxygen at a rate of 30 sccm was used as the reactant gas under
a plasma power of 300 W. Argon served as the carrier gas, owing
at a rate of 60 sccm for Ti precursor and 200 sccm for O2 plasma
during the entire deposition process. Prior to deposition, the ALD
chamber was heated to 150 °C and stabilized for 60 min, while the
stainless steel cylinder containing the Ti precursor was heated and
maintained at 75 °C. The relatively low temperature of 150 °C is
used during the ALD process to prevent excessive pyrolysis loss of
PLA in the 3D-printed carbon frameworks, which is crucial for
preserving the mechanical integrity of the 3D-printed structure.34

To achieve varying thicknesses of TiO2 deposits on the carbon
frameworks, ALD was performed for 100, 300, and 500 cycles. The
resulting samples were denoted as 100-, 300-, and 500-TiO2,
respectively. Each ALD cycle consisted of 0.1 s precursor pulse, 30 s
purging, 20 s oxygen plasma exposure, and another 5 s purging.

2.3. Characterizations

Scanning electron microscopy (SEM) was performed by Verios
460L (Thermo Fisher Scientic, USA) with an electron beam
accelerating voltage of 20 kV. The nano-characterization was
conducted via transmission electron microscopy (TEM) per-
formed by Thermo Fisher Scientic TITAN Themis 60-300
microscope (Thermo Fisher Scientic, USA) utilizing a high-
angle annular dark-eld detector for scanning TEM (STEM-
HAADF), a Super-X energy-dispersive X-ray (EDX) spectrom-
eter, and a Gatan GIF Quantum ERS electron energy loss spec-
troscopy (EELS) spectrometer. For STEM-HAADF high-
resolution imaging and STEM-EDX mapping, the microscope
was operated at an accelerating voltage of 300 kV. To minimize
beam damage to the nanoclusters' structure and chemistry
during STEM-EELS analysis, the accelerating voltage was
reduced to 60 kV. Velox soware version 2.12 and GMS soware
version 3.2 were used to acquire and process STEM-EDX data
and STEM-EELS data, respectively. STEM-EDX elemental
mapping was performed using net intensities, with the
maximum likelihood t method applied for deconvoluting
overlapping peaks and an empirical model for spectrum back-
ground subtraction. STEM-EELS elemental mapping
J. Mater. Chem. A, 2024, 12, 32458–32470 | 32459
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acquisition was performed in a dual EELS mode and the maps
were created from C–K, Ti–L and O–K edge signal intensities
subtracted aer Fourier–Ratio plural scattering removal and
model-based background removal.

X-ray photoelectron spectroscopy (XPS) was performed by an
AXIS Supra instrument (Kratos Analytical, UK) using mono-
chromatized AlKa excitation (1486.7 eV) with a pass energy of
100 eV and 20 eV for acquisition of the survey and high-
resolution spectra, respectively. The element content analysis
was carried out by inductively coupled plasma optical emission
spectrometry (ICP-OES, Arcos MV, SPECTRO Analytical Instru-
ments, Kleve, Germany). A detailed procedure for ICP-OES
measurements is described in the ESI.† X-ray diffraction
(XRD) measurements were performed using Rigaku SmartLab 3
kW diffractometer with a CuKa source (l= 1.54184 Å), operated
at 40 kV and 30 mA. For Raman spectroscopy, a WITec alpha
300R Confocal Raman Microscope was used at a laser excitation
of 532 nm and power of 5 mW. Differential scanning calorim-
etry (DSC) measurements were conducted using the DSC600
Thermal Analysis System (HITACHI) under a nitrogen atmo-
sphere. Further details on the DSC procedures and the calcu-
lation of the PLA crystallinity degree are described in the ESI.†

2.4. Electrochemical nitrite oxidation reaction (NO2OR)

The NO2OR activity of different carbon frameworks was probed
by cyclic voltammetry (CV) on an AutoLab workstation
(PGSTAT204, Metrohm) using three-electrode conguration in
an electrolyte containing 0.5 M Na2SO4 and varying concentra-
tion of NaNO2. CV tests were performed using a commercial Ag/
AgCl electrode (lled with KCl gel electrolyte) and a platinum
wire as the reference and counter electrode, respectively. Each
experiment was repeated three times to ensure reliability. To
study the carbon defects on the electrochemical NO2OR, the
commercial pyrolytic graphite electrode (0.071 cm2) from BAS,
Inc. (Japan) with basal (PGEb) and edge orientation (PGEe) were
used as received. The electrochemically active surface area
(ECSA) of PGEb and PGEe was determined using the electro-
chemical double-layer capacitance, derived from CV measure-
ments in 0.5 M Na2SO4 at varying scan rates, within a non-
faradaic potential window. Electrode potentials were con-
verted to the reversible hydrogen electrode (RHE) scale using E
(vs. RHE) = E (vs. Ag/AgCl) + 0.059 V × pH + 0.199 V.

2.5. Electrochemical nitrite reduction reaction (NO2RR)

The NO2RR experiments were performed on an AutoLab work-
station (PGSTAT204, Metrohm), using an H-type glass cell
divided by a frit in ambient environment. A commercial Ag/AgCl
electrode (lled with KCl gel electrolyte) served as the reference
electrode, and a platinum wire acted as the counter electrode. A
solution containing 0.1 M NaNO2/0.5 M Na2SO4 was evenly
distributed in the anodic and cathodic compartments (20 mL
each) of the H-type cell for electrocatalytic assessments. The
electrocatalytic tests were carried out at specic potentials for 1
hour with magnetic stirring at 200 rpm to evaluate ammonia
yield and Faraday efficiency (FE) of different electrodes. Linear
sweep voltammetry (LSV) tests were carried out at a scan rate of
32460 | J. Mater. Chem. A, 2024, 12, 32458–32470
5 mV s−1 to preliminarily assess the NO2RR performance of
different electrodes. To ensure reliability, each electrolysis test
was repeated three times.

2.6. Determination of ammonia

The NH3 concentration aer each electrolysis was determined
using an ultraviolet-visible (UV-vis) spectrophotometer (JASCO
V-750). Firstly, a certain volume of solution was extracted from
the electrolytic cell and diluted to a suitable detection range of
up to 600 mL. Subsequently, a solution composed of 3 M NaOH,
10 wt% salicylic acid, and 10 wt% sodium citrate (600 mL) was
introduced into the diluted solution, followed by the sequential
addition of 0.20 M NaClO (300 mL) and 2.0 wt% sodium nitro-
ferricyanide (60 mL). The mixed solution was rested for 2 hours
before proceeding with UV-vis spectrophotometry measure-
ments. The concentration of the resulting indophenol blue
product was quantied by the absorbance at a wavelength of
655 nm according to a calibration curve, which was established
in our prior work by measuring the absorbance of a range of
standard NH4Cl solutions in 0.5 M Na2SO4.24

2.7. Determination of ammonia by 1H-NMR (isotopic
labelling experiment)

The isotopic labeling experiment was performed using an
electrolyte containing 0.5 M Na2SO4 and 0.1 M K15NO2. Aer the
electrolysis at −1.06 V vs. RHE for 1 h, the catholyte was
collected. 50 mL of concentrated H2SO4 was added to 1 mL
catholyte to adjust the pH to be acid for quantication by 1H-
NMR (700 MHz, Bruker, TXI probe). Then, 20 mL maleic acid
(20 mg mL−1) was added as the internal standard. Aer that,
500 mL of this solution was placed in an NMR tube with addition
of 50 mL deuterium oxide (D2O) for NMR detection.

3. Results and discussion
3.1. Characterization of 3D printed 1D carbon framework

1D carbon framework was prepared via 3D printing using
commercially available 1D carbon lament. Aer post-printing
activation in NaOH to partially eliminate the surface PLA, the
CNTs in 1D carbon framework are sufficiently exposed, resulting
in high porous structure formed by the presence of entangled
CNTs and residual PLA (Fig. 1a and b). The ICP-OES analysis
reveals that Ti is the predominant impurity, with a substantial
content of 1.07 wt%, which is approximately 7 times higher than
the Fe impurities (Fig. 1c). This nding suggests a signicant
presence of inherent Ti within 3D printed 1D carbon framework,
which can potentially affect the carbon framework's electro-
catalytic properties.24,31 Therefore, it is necessary to understand
the distribution of Ti impurities as well as their chemical states.
The distribution of metal impurities was investigated by EDX
elemental mapping in STEM. Unlike Fe impurities, which are
scarcely observed, Ti-based impurities are readily detectable and
found to exist both in the hollow interior (Fig. 1d and e) and on
the surface of the CNTs (Fig. S1†). XPS was used to investigate the
chemical state of metal impurities and the surface chemistry of
the 1D carbon framework. The XPS wide spectrum clearly shows
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a and b) SEM images and (c) ICP-OES element analyses of 1D carbon framework, excluding elements with content below 0.1 wt%. (d)
STEM-HAADF image of a carbon nanotube from 1D carbon framework and corresponding STEM-EDXmaps of C, O, and Ti. (e) An EDX spectrum
integrated from the whole area of the map in (d); the Cu signal is from the TEM grid. (f) XPS full survey of 1D carbon framework (upper panel), as
well as its high-resolution Ti 2p core level spectrum (lower panel).
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an obvious signal attributed to Ti impurities, alongside the ex-
pected C and O peaks (Fig. 1f, upper panel). This conrms the
extensive presence of Ti impurities on the surface of the 1D
carbon framework. Furthermore, unlike the barely detectable Fe
signal (Fig. S2†), the high-resolution Ti 2p spectrum exhibits
a well-dened pair of peaks at binding energies of 465.1 eV and
459.4 eV (Fig. 1f, lower panel). This distinct doublet is charac-
teristic of stoichiometric TiO2 with Ti in the 4+ oxidation state,
which is further supported by the 5.7 eV peak separation between
the Ti 2p3/2 and Ti 2p1/2 peaks.31,35 However, although TiO2 has
demonstrated electrocatalytic activity for various electrochemical
reactions,24,28,31 its content and distribution within 1D carbon
frameworks are currently not well controlled during industrial
fabrications of 1D carbon laments. This lack of controllability
over TiO2-dominated impurities results in 3D-printed 1D carbon
electrodes with unpredictable and inconsistent electrocatalytic
properties, which can vary signicantly across different industrial
fabrication processes. Therefore, to achieve a uniform surface
chemistry for reliable electrocatalytic performance, an atomically
precise TiO2 layer is further deposited onto the surface of the 1D
carbon framework using ALD technique.
3.2. Characterization of TiO2-coated 1D carbon framework
by ALD

The surface morphology of TiO2-coated 1D carbon framework
was rstly studied by SEM. As shown in Fig. 2a–f, the TiO2-
This journal is © The Royal Society of Chemistry 2024
coated 1D carbon frameworks maintain their porous structure.
Additionally, a distinct increase in the diameter of CNTs is
observed with an increase in the number of ALD cycles,
implying the possible deposition of TiO2 on 1D carbon frame-
works. This observation is supported by ICP-OES analysis,
particularly exemplied by a 0.15 wt% increase in Ti content
aer 500 ALD cycles (Fig. 2g). XPS was employed to investigate
the chemical composition of the ALD-coated TiO2 and the
resulting surface environment change of the 1D carbon frame-
work. The survey spectra of the TiO2-coated electrodes, depicted
in Fig. 2h, exhibit three major peaks corresponding to O 1s, Ti
2p, and C 1s, like the 1D carbon framework. As the number of
ALD cycles increases, the TiO2-coated electrodes display
a progressive intensication in the O 1s and Ti 2p signals,
accompanied by a diminishing C 1s signal. This observation
aligns well with the development of an ALD-coated TiO2 shell
enveloping the CNT core. The Ti 2p high-resolution spectra of
the TiO2-coated electrodes resemble that of the 1D carbon
framework (Fig. 2i), exhibiting a spin–orbit splitting of
approximately 5.8 eV between the Ti 2p3/2 and Ti 2p1/2 peaks.
This indicates the formation of solely TiO2 during the ALD
process.36,37 The increasing presence of TiO2 on the 1D carbon
framework, as the number of ALD cycles increases, is further
evidenced by the growing signal of the lattice O of ALD-coated
TiO2 at 530.7 eV (Fig. 2j). Additionally, Raman spectrum of
the 1D carbon framework clearly exhibits a D band at 1340 cm−1

(Fig. 2k), demonstrating the inherent existence of carbon
J. Mater. Chem. A, 2024, 12, 32458–32470 | 32461
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Fig. 2 SEM images of (a and b) 100-TiO2, (c and d) 300-TiO2, and (e and f) 500-TiO2. (g) ICP-OES element analyses, excluding elements with
weight content below 0.1 wt%. (h) XPS full survey and high-resolution spectra of (i) Ti 2p and (j) O 1s core levels for different electrodes. (k) Raman
and (l) XRD spectra of 1D carbon framework before and after ALD of TiO2. For comparison, the pertinent results of the 1D carbon substrate are
also displayed in panels (h) to (l).
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defects within the 1D carbon framework. The degree of defects
can be quantied by the intensity ratio of the D to G band (ID/
IG). Compared to the 1D carbon substrate, the ID/IG ratio
remains relatively constant in the TiO2-coated electrodes. It
suggests that the ALD process performed in this study does not
introduce signicant defects onto the CNT surface. Besides, the
TiO2 peak (ITiO2

) at approximately 150 cm−1 is also visible in the
TiO2-coated electrodes, and its ratio to the G band (ITiO2

/IG)
increases with the number of ALD cycles.32 These observations
conrm the effective coating of articial TiO2 on 1D carbon
framework without generating additional carbon defects.
Furthermore, the XRD pattern of the TiO2-coated electrodes
does not exhibit any signicant diffraction peaks of TiO2

(Fig. 2l), suggesting either the formation of amorphous TiO2 or
the presence of extremely small nanosized TiO2 crystals that are
below the detection limit of XRD.34 It should be noted that PLA
diffraction peaks emerge aer the ALD process, which implies
the PLA crystallization (Fig. S3†). Such crystallization reduces
32462 | J. Mater. Chem. A, 2024, 12, 32458–32470
the amorphous regions of PLA substrate, consequently limiting
the space available for accommodating CNTs and promoting
the formation of a strengthened CNT conductive network.38

This enables more CNTs to contribute to the formation of an
electron transfer pathway. To further validate this description,
a conductivity test was performed on different TiO2-coated 1D
carbon frameworks. As illustrated in Fig. S4,† the 1D carbon
substrate exhibits the lowest slope value in the I–V curve, while
the highest slope value is observed aer 100 ALD cycles of TiO2

coating. This conrms the formation of a strengthened CNT
conductive network due to increased crystalline content in the
1D carbon framework following the ALD process. However,
further increasing the ALD coating through additional cycles
results in reduced electron transfer capability, as evidenced by
the smaller I–V slopes in 300-TiO2 and 500-TiO2 electrodes. This
decrease in conductivity is attributed to the thicker semi-
conducting TiO2 layer, which begins to signicantly impede
electron ow. The change in electron transfer capability
This journal is © The Royal Society of Chemistry 2024
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resulting from different ALD cycles is closely related to the
ECSA, which plays an important role in electrocatalytic reac-
tions (Section 3.5).

Nanoscale structural analysis of TiO2-coated 1D carbon
frameworks was conducted under STEM-HAADF conditions
allowing imaging with a high atomic number contrast. As
depicted in Fig. S5,† the CNT surface becomes decorated by
TiO2 nanostructures aer 500 ALD cycles, which is in signicant
contrast to the pristine smooth surface of the 1D carbon
substrate. Meanwhile, the performed highly localized STEM-
EELS clearly reveals the scattered TiO2 nanoclusters on the
CNT surface aer 100 ALD cycles (Fig. 3a and d and S6†). As the
number of ALD cycles increases to 500, the TiO2 nanoclusters
progressively grow, overlap each other, and form an almost
continuous layer encapsulating the CNT surface (Fig. 3b and
Fig. 3 STEM-ELLS analyses of (a) 100-TiO2, and (b and c) 500-TiO2 electr
framework.

This journal is © The Royal Society of Chemistry 2024
S7†). This process leads to the formation of core–shell struc-
tured TiO2 electrodes, consisting of a 3D printed conductive
CNT core and an ALD-coated electrocatalytic TiO2 shell. Such
core–shell structures are clearly visible aer 500 cycles, with an
ultrathin TiO2 layer ranging from 1 to 3 nm in thickness, as
observed in EELS maps (Fig. 3c). These results, in conjunction
with SEM, ICP-OES, XPS, and Raman analyses, demonstrate the
effectiveness of ALD-coated TiO2 in precisely tuning the surface
morphology and chemistry of 3D printed 1D carbon
frameworks.
3.3. Electrocatalytic performance for NO2OR

The 1D carbon framework and 100-TiO2 were used as the
working electrodes for CV measurements to assess their elec-
trocatalytic activities towards NO2OR. As shown in Fig. 4a, no
ode. (d) Schematic illustrations for ALD of TiO2 on 3D printed 1D carbon
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electrochemical oxidation peaks are observed from either elec-
trode in the absence of nitrite. However, upon the introduction
of nitrite, the 100-TiO2 electrode exhibits nearly a twofold
higher peak current density of 0.75 mA cm−2 at a lower peak
potential of 1.53 V vs. RHE compared to the 1D carbon electrode
(Fig. 4a and b). This indicates the effectiveness of ALD-coated
TiO2 nanoclusters in enhancing the electrocatalytic activity on
Fig. 4 (a) CV curves of 1D and 100-TiO2 electrodes at 50 mV s−1 in the a
The peak current density and related potential in the presence of 1 mMNa
NaNO2/0.5 M Na2SO4 mixed electrolyte at different scan rates, as well as
root of scan rate. (e) CV curves of 100-TiO2 electrode in 0.5 M Na2SO4 wi
(f) Linear relationship between the anodic peak current density and nitri

32464 | J. Mater. Chem. A, 2024, 12, 32458–32470
the surface of the 1D carbon electrodes through a two-electron
transfer process: NO2

− + H2O / NO3
− + 2H+ + 2e−.14,39 Fig. 4c

shows the effect of scan rates on the electrochemical NO2OR
activity of 100-TiO2 in 1 mM NaNO2/0.5 M Na2SO4 mixed elec-
trolyte. With the increase of the scan rate from 5 to 100 mV s−1,
a positively shied anodic peak potential is observed from
1.46 V to 1.55 V. Concomitantly, there exists a linear
bsence and presence of 1 mM NaNO2 in 0.5 M Na2SO4 electrolyte. (b)
NO2 fromCV curves in (a). (c) CV curves of 100-TiO2 electrode in 1 mM
(d) the corresponding anodic peak currents as a function of the square
th varying NaNO2 concentrations from 0.05 mM to 5 mM at 50 mV s−1.
te concentration.

This journal is © The Royal Society of Chemistry 2024
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relationship between anodic peak current and the square root
of scan rate (v in mV s−1): Ip (mA) = 0.0961 v1/2 + 0.0564
(Fig. 4d). This is indicative of a diffusion-controlled process of
nitrite oxidation on the surface of 100-TiO2 electrodes.14,16

Furthermore, the anodic peak current also progressively
increases with the increase of nitrite concentration from
0.05 mM to 5 mM (Fig. 4e). Two linear regression regions
bounded by the concentration (C in mM) of 0.8 mM are iden-
tied (Fig. 4f), which can be expressed as Ip (mA) = 0.7529C +
0.0340 (C # 0.8 mM), and Ip (mA) = 0.5901C + 0.2050 (C $ 0.8
mM). The observed change in slope at higher concentrations
can be attributed to the transition from an electron transfer
controlled regime to a diffusion controlled regime. At low NO2

−

concentrations, the reaction rate is primarily determined by the
kinetics of electron transfer at the electrode surface. As the
NO2

− concentration increases, mass transport limitations begin
to play a more signicant role. The reaction becomes increas-
ingly limited by the rate at which NO2

− ions can diffuse to the
electrode surface. This transition from electron transfer to
diffusion control leads to a less steep slope in the current
density vs. concentration plot at higher concentrations.
3.4. Electrocatalytic performance for NO2RR

The electrochemical NO2RR performance is initially evaluated
using LSV. As illustrated in Fig. 5a, both 1D carbon substrate
and 100-TiO2 electrode display enhanced current densities in
the NaNO2-containing electrolyte compared to the electrolyte
without NaNO2, implying their electrocatalytic activity for
NO2RR. Notably, the 100-TiO2 electrode exhibits a much higher
current density enhancement relative to the 1D carbon elec-
trode. At −1.06 V, for example, the 100-TiO2 electrode presents
a current density enhancement of 4.06 mA cm−2 in the NaNO2-
containing electrolyte, which is 2.2-fold higher than that of the
1D carbon electrode. This suggests a more efficient NO2RR
process occurring on the surface of the 100-TiO2 electrode. To
further investigate the impact of ALD-coated TiO2 on the elec-
trochemical NO2RR for NH3 production, electrolysis experi-
ments were performed. It should be noted that nitrogen-
containing contaminants from both the external environment
and the electrochemical system itself could potentially interfere
with post-electrolysis ammonia analysis. To address this
concern, control experiments were conducted using a 0.5 M
Na2SO4 solution without NaNO2 (Fig. 5b and S8†). These control
experiments reveal negligible NH3 production compared to the
solution containing NaNO2. This strongly indicates that the
NH3 formed during electrolysis primarily results from the
electrochemical NO2RR process, rather than from potential
contaminants. Such phenomenon is further consolidated by the
15N isotope labelling experiments. As shown in Fig. 5c, typical
double peaks of 15NH4

+ with Na15NO2 as reactants and triple
peaks of 14NH4

+ with Na14NO2 as reactants are detected.40 In
contrast, no signal is detected when only a blank solution is
used during electrolysis. These results conclusively exhibit that
the NH3 produced during electrolysis is derived from the NO2

−

electroreduction. Aer conrming the reliability of electro-
chemical NO2RR for NH3 production, chronoamperometry
This journal is © The Royal Society of Chemistry 2024
measurements were further performed at different selective
potentials (Fig. S9†). The 100-TiO2 electrodes outperform the 1D
carbon substrates in NH3 production across all potentials
(Fig. 5d and e). For example, 100-TiO2 electrodes deliver an NH3

yield rate of 630.5 mg h−1 cm−2 with a NH3 FE of 81.9% at
−1.06 V, which is signicantly higher than 204.4 mg h−1 cm−2

and 48.1% for the 1D carbon substrate at the same potential.
The durability of the 100-TiO2 electrode was assessed by seven
consecutive cycling tests at −1.06 V. Both current density and
charge consumption remain nearly constant across all cycles
(Fig. S10†). Meanwhile, the electrode maintains roughly
constant NH3 yield rates and FE throughout the cycling tests
(Fig. 5f). Additionally, SEM (Fig. S11†) and XPS analyses
(Fig. S12†) aer the cycling test show similar results to those
before the test, further conrming the durability of 100-TiO2

electrode during NO2RR process.
3.5. Electrocatalytic active sites for NO2OR and NO2RR

Carbon defects within 1D carbon substrate have been demon-
strated as potential electrocatalytic active sites.24,41,42 Particu-
larly, when the ALD-coated material does not fully cover the
carbon substrate, carbon defects may remain exposed and
accessible to the electrolyte, potentially participating in elec-
trocatalytic reactions. Therefore, elucidating the inuence of
defective CNTs on the electrocatalytic activity of ALD-coated 1D
carbon electrodes is of fundamental importance. To this end,
control experiments were conducted on both PGEb and PGEe.
Fig. 6a presents well-dened nitrite oxidation peaks on both
PGEb and PGEe, conrming the electrocatalytic activity of both
basal and edge carbon planes for nitrite oxidation. Notably,
PGEe exhibits a negatively shied peak potential with higher
peak current density compared to PGEb, indicating its higher
activity over PGEb for nitrite oxidation. Furthermore, the ALD-
coated TiO2 layer plays a crucial role in modulating the elec-
trocatalytic performance of the 1D carbon framework (Fig. 6b
and S13†). It is observed that 100 ALD cycles of TiO2 on 1D
carbon framework signicantly enhance the electrocatalytic
activity for nitrite oxidation. This enhancement is evidenced by
a negatively shied anodic peak from 1.62 V to 1.53 V, accom-
panied by an increase in peak current density from 0.39 mA
cm−2 to 0.75 mA cm−2. However, further increasing the TiO2

coating to 300 and 500 ALD cycles leads to a progressive
decrease in activity, represented by positively shied anodic
peaks and diminishing peak current densities. This phenom-
enon is attributed to the morphological evolution of the TiO2

layer with increasing ALD cycles. The 100-TiO2 electrode
exhibits a non-continuous distribution of TiO2 nanoclusters
(Fig. 3a) due to the inefficient nucleation at early stages during
the ALD process.43 This non-continuous distribution creates
abundant conductive CNT/semiconductive TiO2 interfaces,
which enhance electrocatalytic reactions by facilitating electron
transfer between TiO2 and CNT (Fig. S4†), and providing
increased ECSA (Fig. S14†) for electrocatalytic reactions. As the
number of ALD cycles increases to 300 and 500, the TiO2 layer
becomes denser and more continuous (Fig. 3b and c), resulted
from the coalescence of TiO2 nanoclusters and progressive gap-
J. Mater. Chem. A, 2024, 12, 32458–32470 | 32465
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Fig. 5 (a) LSV curves of 1D and 100-TiO2 in 0.5 M Na2SO4 with and without 0.1 M NaNO2. (b) NH3 yield of 1D and 100-TiO2 after NO2RR in 0.5 M
Na2SO4 with and without 0.1 M NaNO2 at−1.06 V vs. RHE. (c) NMR spectra of the cathodic solutions after electrolysis on 100-TiO2 at−1.06 V vs.
RHE using different electrolytes. (d) NH3 yield and (e) FE of 1D and 100-TiO2 at different potentials. (f) Stability test of 100-TiO2 at−1.06 V vs. RHE
with refreshed electrolyte for each cycle.
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lling between initial nucleation sites. This evolution reduces
the CNT/TiO2 interfaces, leading to a decrease in electron
transfer capability and in ECSA for electrocatalytic reactions.

In parallel, we investigated the origin of electrocatalytic
active sites for NO2RR. The LSV prole of PGEe (Fig. 6c) exhibits
a signicantly higher current density relative to PGEb in the
presence of nitrite, with an onset potential around−0.66 V. This
suggests more efficient NO2RR on the surface of PGEe over
PGEb. At−1.06 V, PGEe exhibits a current density enhancement
of 10.96 mA cm−2 in nitrite-containing electrolyte compared to
32466 | J. Mater. Chem. A, 2024, 12, 32458–32470
nitrite-free electrolyte, which is 3.4-fold higher than that for
PGEb. Electrolysis experiments conducted at −1.06 V (Fig. 6d
and S15†) demonstrate that PGEe produces a higher NH3 yield
than PGEb (231.6 vs. 163.7 mg h−1 cm−2), but with comparable
low FE (10.5% vs. 11.4%). This suggests that PGEb and PGEe
possess similar intrinsic activity for NO2RR to NH3. The
enhanced electrocatalytic NH3 yield on PGEe is believed to be
associated with its higher ECSA (Fig. S16†).

Furthermore, we investigated the effect of ALD-coated TiO2

layers on the 1D carbon framework for NO2RR performance.
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) CV curves of graphite with different plane orientations at 50 mV s−1 in the absence and presence of 1 mM NaNO2 in 0.5 M Na2SO4

electrolyte. (b) The peak current density and related potential in the presence of 1 mM NaNO2 from CV curves of different electrodes. (c) LSV
curves of graphite with different plane orientations in 0.5 M Na2SO4 with and without 0.1 M NaNO2. (d) NH3 yield and FE of graphite with different
plane orientations at −1.06 V vs. RHE. (e) LSV curves of 100-TiO2, 300-TiO2, and 500-TiO2 at 5 mV s−1 in 0.5 M Na2SO4 with and without 0.1 M
NaNO2. (f) NH3 yield and FE of 1D carbon framework with TiO2 coating by varying ALD cycles at −1.06 V vs. RHE.
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Fig. 6e illustrates that, compared to 100-TiO2, the LSV proles of
300- and 500-TiO2 exhibit progressively decreased current
densities in nitrite-containing electrolyte, while showing
comparable current densities in nitrite-free electrolyte. This
suggests that the morphology of ALD-coated TiO2 plays a crucial
role in NO2RR. To quantitatively analyze this effect, electrolysis
experiments were further conducted (Fig. S17†). In contrast to
1D carbon framework, 100-TiO2 with its abundant carbon/TiO2

interfaces signicantly enhances the NH3 yield rate from 204.4
This journal is © The Royal Society of Chemistry 2024
to 630.5 mg h−1 cm−2, accompanied by a substantial increase in
FE from 48.1% to 81.9% (Fig. 6f). Similar to the trend observed
in NO2OR, further increasing the TiO2 coating leads to the
decreased NO2RR performance due to a reduction in carbon/
TiO2 interfaces by the formation of a denser and more contin-
uous TiO2 layer encapsulating the CNT surface. Specically,
300-TiO2 exhibits an NH3 yield of 555.1 mg h−1 cm−2 with an FE
of 74.8%, which remains approximately constant for 500-TiO2.
These ndings highlight the critical role of optimizing the
J. Mater. Chem. A, 2024, 12, 32458–32470 | 32467
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morphology of ALD-coated TiO2 and preservation of carbon/
TiO2 interfaces for optimum electrocatalytic activity.
4. Conclusion

This study addresses the growing need for efficient and cost-
effective electrocatalysts by demonstrating the efficacy of 3D
printed 1D carbon materials for electrochemical NO2OR and
NO2RR. The ndings reveal that entangled carbon nanotubes,
inherently containing TiO2-dominated impurities and carbon
defects, exhibit electrocatalytic activity for both reactions.
Control experiments conrm that the intrinsic surface of
carbon nanotubes is electrocatalytically active for NO2OR and
NO2RR, while carbon defects further enhance this activity by
providing a higher ECSA. To enhance the electrocatalytic
performance of the 3D printed 1D carbon framework, ALD of
TiO2 has been explored as a surface modication technique.
Results demonstrate that the surface morphology and chem-
istry of the TiO2-coated 1D carbon electrode are intimately
related to the layer of the ALD-coated TiO2, which can be
precisely controlled by adjusting the number of ALD cycles.
Remarkably, the 100-TiO2 electrode, characterized by non-
continuous TiO2 deposition on the 1D carbon framework,
facilitates the formation of abundant carbon/TiO2 interfaces.
These interfaces play a crucial role in electrocatalytic reactions.
The methodology presented in this study, encompassing 3D
printing of 1D carbon substrates and subsequent atomic-scale
tuning of surface chemistry, offers a scalable fabrication
process for electrocatalysts, which opens up new possibilities
for tailoring materials at the nanoscale for specic electro-
chemical applications.
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