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NH3 synthesis heavily depends on the energy-intensive Haber—
Bosch process, which produces serious carbon emission. Electro-
catalytic N, reduction emerges as an environmentally benign
process for sustainable artificial N, fixation but requires efficient,
stable and selective catalysts for the N, reduction reaction (NRR).
Here, we report that Cr,Oz nanofiber behaves as a superb non-
noble-metal NRR electrocatalyst for artificial N, fixation to NHs,
with excellent selectivity under ambient conditions. In 0.1 M HCl,
this catalyst achieves a high Faradaic efficiency of 8.56% and a high
NH; formation rate of 28.13 pg h™* mg... %, placing it amongst the
most active aqueous-based NRR electrocatalysts. Moreover, this
catalyst also shows strong electrochemical durability during elec-
trolysis and the recycling test. It opens a new avenue to explore the
rational design of Cr-based nanostructures as advanced catalysts
for N, fixation and other applications.

As an activated nitrogen building block, NH; is essential in the
manufacture of fertilizers, medicines, dyes, explosives, resins,
etc.'™ It is also an attractive carbon-free energy carrier, having
17.6 wt% hydrogen, in the future hydrogen economy.*® The
ever-increasing need for NH; has stimulated intensive research
on artificial NH; production.®” N, fixation, however, is extre-
mely difficult due to the high energy barrier for N=N bond
cleavage. In the Haber-Bosch process for industrial NH;
production from N, and H,, N, reduction is accomplished at
high temperature and pressure, and the entire process is rather
energy-intensive and highly CO,-emissive.®° Therefore, there is
a great need to develop an environmentally benign process for
sustainable artificial N, fixation.

In N,-fixing bacteria, the enzymatic reduction of N, to NH; is
catalyzed by nitrogenase enzymes under ambient conditions
through multiple proton and electron transfer steps using
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chemical energy from adenosine 5’-triphosphate hydrolysis.”*°
Inspired by the natural process, electrochemical NH; synthesis
using proton from water as the hydrogen source has been
proposed as a carbon-free and energy-efficient N,-fixing process
under ambient conditions, while the challenge associated with N,
activation underlines the need for efficient electrocatalysts for the
nitrogen reduction reaction (NRR).'""? Precious metal (Au,"® Ru,"*
Rh'®)-based catalysts demonstrate favorable NRR activity, but the
high cost and scarcity of these catalysts hinder their widespread
use. Much attention has thus been focused on designing and
developing non-noble-metal alternatives. Several such NRR electro-
catalysts are documented, including Fe,O;~CNT,'® Fe;O,/Ti,"”
Mo0O;,"® Mo nanofilm,"® MoS,,*® Mo,N,** MoN,* Li*-incorporated
poly(N-ethyl-benzene-1,2,4,5-tetracarboxylic diimide),** B,C,**
N-doped carbon,® etc. More recently, by the marriage of
amorphous Bi V,04; and CeO,, Lv et al. constructed a hybrid
nanofiber for N, reduction electrocatalysis capable of achieving
a high Faradaic efficiency (FE) of 10.16% but with a NH; yield
(Vn,) of 23.21 pg h™" mge,. ~'.>® Although impressive NRR
performance has been achieved, a prime challenge still lies in
simultaneously achieving a high NH; formation rate and high
FE using a crystalline material, which is thermodynamically
more stable.”’

Herein, we report that Cr,O; nanofiber behaves as a superb
electrocatalyst toward ambient N, fixation to NH;3, with excel-
lent selectivity in acids. In 0.1 M HCI, such nanofiber achieves
a FE as high as 8.56%, with a high NH; formation rate of
28.13 pg h™' mg.,. ~*. Moreover, it is also excellent in electro-
chemical durability.

Cr,0; nanofiber was derived from the electrospun nanofiber
of polyacrylonitrile/chromium acetate via annealing in air (see ESIT
for preparation details). The X-ray diffraction (XRD) patterns
present diffraction peaks characteristic of a Cr,0; phase (JCPDS
No. 38-1479) without any impurities (Fig. 1a). Scanning electron
microscopy (SEM) analysis indicates that shorter Cr,O; nanofibers
were obtained from the precursor after annealing, with sizes
approximately within the range 0.6-5.0 pm (Fig. 1b and c).
Transmission electron microscopy (TEM) analysis further reveals
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Fig. 1 (a) XRD pattern of Cr,O3 nanofiber. SEM images of the nanofibers of
(b) precursor and (c) Cr,Os. (d) TEM image of Cr,Oz nanofibers. (e) HRTEM
image and (f) SAED pattern taken from one single Cr,O3z nanofiber. (g) XPS
survey spectrum for Cr,O3z nanofiber. XPS spectra of Cr,O3 nanofiber in the
(h) Cr 2p and (i) O 1s regions.

the rough nature of such Cr,O; nanofibers (Fig. 1d). The high-
resolution TEM (HRTEM) image (Fig. 1e) taken from one single
Cr,0; nanofiber shows lattice fringes with interplanar spacings of
0.248 and 0.266 nm, corresponding to the (110) and (104) planes of
the Cr,O; phase, respectively. The corresponding selected area
electron diffraction (SAED) pattern (Fig. 1f) shows four diffraction
rings indexed to the (012), (104), (116), and (214) planes of the
Cr,0; phase. The X-ray photoelectron spectroscopy (XPS) survey
spectrum of Cr,O; nanofiber confirms the presence of Cr and O
elements (Fig. 1g). In the Cr 2p region, three peaks (at 576.7, 575.3,
and 586.5 eV) correspond to Cr 2ps, and Cr 2p,.,, respectively
(Fig. 1h), confirming the existence of Cr**.**?° The strong peak at
530.2 eV in the O 1s region (Fig. 1i) is attributed to surface lattice
oxygen combined with Cr**, whereas the small peak at 532.1 eV is
typical of a hydroxyl group chemisorbed at the surface.**?'
Cr,0; nanofiber was deposited onto a carbon paper elec-
trode (Cr,O;/CPE with Cr,O; loading of 0.1 mg) for testing.
During electrolysis, N, gas was bubbled into the cathode, where
protons transported through the electrolyte (0.1 M HCI aqueous
solution) can react with N, on the surface of the catalyst to
produce NH; (Fig. 2a and Fig. S1, ESIT). Both NH; product and
possible by-product N,H, were detected after electrolysis, and
the concentration of NH; was spectrophotometrically deter-
mined by the indophenol blue method,** while N,H, was
estimated by the method of Watt and Chrisp.** Fig. $2 and S3
(ESIT) show the calibration curves. Fig. 2b presents the UV-Vis
absorption spectra of the electrolyte stained with indophenol
indicator after 2 h electrolysis at a series of potentials. It is
suggested that the electrocatalytic N, reduction process oper-
ates within the potential range of —0.65 to —1.05 V. Its average
Vnu, and corresponding FEs under various potentials are
calculated and plotted in Fig. 2c. Hydrogen evolution reaction
(HER) becomes the primary process when the applied potential
is below —0.75 V, and Vyu, and FE values decrease due to the
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Fig. 2 (a) Schematic diagram to illustrate the electrochemical setup. (b) UV-Vis

absorption spectra of the electrolytes stained with indophenol indicator
after electrolysis at a series of potentials for 2 h. (c) Vin, and FE at each
given potential. (d) Production of NHz with different electrodes after 2 h
electrolysis at potential of —0.75 V under ambient conditions.

competitive HER. The highest FE of 8.56% with a Vyu, of
28.13 ug h™' mg.,.~" is obtained at —0.75 V, outperforming
most reported aqueous-based NRR electrocatalysts (Table S1,
ESIT). Note that both NH; yields and FEs at various potentials
(Fig. S4, ESIt) determined by ion chromatography data (Table S2,
ESIf) are quite comparable to the values determined by the
indophenol blue method. Significantly, N,H, was not detected
(Fig. S5, ESIt), indicating that this catalyst possesses excellent
selectivity. Of note, inductively coupled plasma-atomic emission
spectrometry suggests the absence of Cr’" in the electrolyte after
NRR electrolysis, implying that such crystalline Cr,O; is
chemically stable and robust enough to withstand the harsh
acidic environment.** In addition, we also investigated the NRR
performance of Ru/C under the same reaction conditions. As
shown in Fig. S6 (ESIT), Ru/C also presents a superior Vyy, but
with a low FE due to its excellent HER catalytic activity. To verify
that the product is generated via N, reduction electrocatalyzed
by Cr,0;, we also performed electrolysis in N,-saturated
solution at open circuit potential and Ar-saturated solution at
—0.75 V. The corresponding UV-Vis absorption spectra and
amount of NH; are presented in Fig. S7 (ESIt), suggesting that
almost no NH; was detected. Moreover, the time-dependent
experiment shows that the production of NH; actually is
observed to increase with reaction time, further confirming
NRR on the Cr,0;/CPE (Fig. S8, ESIt). Fig. 2d compares the
amount of NH; formed with different electrodes at —0.75 V
after 2 h electrolysis. Obviously, bare CPE has poor electro-
catalytic NRR activity. Of note, conventional Cr,O; powder is
efficient in electrochemically catalyzing N, reduction, yielding
2.1 pg NH;. In sharp contrast, Cr,O3; nanofiber shows greatly
enhanced NRR activity, with a much larger yield of NH;. The
superior activity of Cr,0; nanofiber can be rationally attributed
to the nanofiber nature, which leads to more effective absorp-
tion of N, on the surface. It is worth mentioning that although
Cr,0; is a p-type semiconductor with about 3 eV band gap,*’
the highly porous feature of such Cr,O; nanofiber not only
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Fig. 3 (a) Chronoamperometry curves at corresponding potentials in

N,-saturated 0.1 M HCL. (b) Recycling test at the potential of —0.75 V.

favors the diffusion of N, and the reaction product, but also
exposes more active sites which effectively contact the CPE surface,
offering rich three-phase contact points of N,, electrolyte and
catalyst,®® and thus allowing for more efficient N, reduction.

In addition, durability is another important factor in evalu-
ating the performance of electrocatalysts.”’** The chrono-
amperometry curves at corresponding potentials in Nj-saturated
0.1 M HCI are presented in Fig. 3a, which indicates that this
catalyst possesses stable electrocatalytic N, reduction performance.
Electrolysis for 20 h at —0.75 V potential leads to a slight decrease
in current density, with steady FE throughout the process (Fig. S9,
ESIY). As observed in Fig. 3b, Cr,0;/CPE shows negligible variation
in Vxu, and FE during recycling tests of up to 6 times. The
influence of N, flow rate on electrocatalytic N, reduction was also
investigated. The Vyy, and FE values show no significant fluctua-
tion after varying the N, flow rate (Fig. S10, ESIf). All these
observations suggest its excellent electrochemical durability.

Fig. 4a shows the XRD pattern for Cr,03/CPE after stability
testing. Besides the peak at 20 value of 26.5° originating from
the CPE substrate (black line in Fig. 4a), all other peaks can be
indexed to Cr,O;, confirming the Cr,O; composition of the
catalyst. TEM image (Fig. 4b) further suggests that Cr,0; retains
its initial morphology after NRR electrolysis. All these results
indicate this catalyst is robust enough to support NRR electrolysis.

Based on the fact that no N,H, was detected in the final
product, a possible NRR mechanism over Cr,0; can be proposed
according to the previous study.** Firstly, N, approaches the surface
of Cr,0s, forming chemisorbed *N,. Secondly, the activated H
proton in the electrolyte is favored to form a more stable N-H
bond and break the N=N triple bond. Finally, hydrogenation of
N, is carried out by adding H atoms one by one from the electrolyte
and an electron from the electrode surface. We envisage that both
the distal associative and partially alternative routes would be the

Cr203/CPE after stability test
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Fig. 4 (a) XRD pattern for Cr,Os/CPE after the stability test. (b) TEM image
for Cr,O3 nanofiber after the stability test.
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general reaction mechanism in our case, as shown in mode 1
and mode 2:

*N, — *NNH — *NHNH — *NHNH, — *NH + NH,
— *NH, + NH; — *NH; + NH; —» *+2NH; (1)

*N, — *NNH — *NNH, — *NNH; — *N + NH,
— *NH — *NH, — * + NH,4 (2)

where * is a surface binding site.

In conclusion, Cr,0; nanofiber has been proposed as a highly
active and durable electrocatalyst for artificial N, fixation under
ambient conditions. This catalyst is superior in both FE and Vi,
Our present study not only provides us an attractive earth-abundant
catalyst material in electrolysis devices for electrochemical NH;
production, but opens a new avenue to explore the rational design
of Cr-based nanostructures as advanced catalysts for N, fixation
and other applications. Our next research will focus on the
structure optimization of the Cr,O; catalyst toward improved
NRR performance by constructing a Cr,Os/carbon nanohybrid with
enhanced conductivity and engineering surface oxygen vacancy for
more efficient molecular N, adsorption and activation.?**>*¢ There
is also another suggestion to further increase the current efficiency
for NH; formation by suppressing the competitive HER in organic
media using ionic electrolyte enabled by superhydrophobic coating
of metal-organic frameworks."”
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