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Abstract: In electrochemical energy storage and conversion
systems, the anodic oxygen evolution reaction (OER) accounts
for a large proportion of the energy consumption. The
electrocatalytic urea oxidation reaction (UOR) is one of the
promising alternatives to OER, owing to its low thermody-
namic potential. However, owing to the sluggish UOR kinetics,
its potential in practical use has not been unlocked. Herein, we
developed a tungsten-doped nickel catalyst (Ni-WO,) with
superior activity towards UOR. The Ni-WO, catalyst exhibited
record fast reaction kinetics (440 mAcm™ at 1.6 V versus
reversible hydrogen electrode) and a high turnover frequency
of 0.11s™', which is 4.8 times higher than that without W
dopants. In further experiments, we found that the W dopant
regulated the local charge distribution of Ni atoms, leading to
the formation of Ni*' sites with superior activity and thus
accelerating the interfacial catalytic reaction. Moreover, when
we integrated Ni-WO, into a CO, flow electrolyzer, the cell
voltage is reduced to 2.16V accompanying with ~98 %
Faradaic efficiency towards carbon monoxide.

R enewable-electricity-driven electrolysis systems offer great
promise for sustainable energy development. For example,
the electroreduction of CO, (CO,R) produces value-added
chemicals, including carbon monoxide (CO), formate, meth-
ane, methanol, and ethylene.'! However, the energy effi-
ciency of these electrolysis devices is greatly limited by the
thermodynamically unfavorable anodic oxygen evolution
half-reaction (OER)./* According to a thermodynamic anal-
ysis of the overall reaction towards CO, electroreduction
devices, 92.8% of the electricity consumption comes from
OER.[! Therefore, developing alternative anode reaction is
urgently needed to radically lower energy depletion and
promote its practical use.
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Urea oxidation reaction (UOR) requires a thermody-
namic potential of only 0.37 V, which is significantly lower
than that of OER (1.23 V) and thereby would generate 70 %
energy saving.! Therefore, using thermodynamically more
favorable UOR to replace the OER offers a promising and
alternative strategy to improve the overall energy efficiency
of electrochemical devices. Besides, UOR uses urea from
industrial and sanitary wastewater (with a concentration of
0.33 M) and thus offers “cost-effective” electrons by devel-
oping renewable energy sources and sewage treatment
simultaneously.

However, the intrinsically sluggish kinetics of UOR,
which involves a six-electron transfer process and multiple
formation/desorption of intermediates, heavily complicates
the design of suitable electrocatalysts.®! Previous studies
showed that non-noble transition-metal nickel (Ni)-based
compounds exhibited higher catalytic activity for UOR than
other metals compounds,”*'! where Ni**(NiOOH) were
identified as catalytic active sites.'” Unfortunately, these
UOR catalysts still exhibit unsatisfactory activity due to the
unfavorably strong absorption of the intermediate COO* on
Ni** sites.'¥! Tt is reported that the adsorption energy of
intermediates was closely related to its electronic struc-
tures."*'” Thus, regulating the electronic structures of Ni**
sites may construct catalytic sites with high UOR intrinsic
activity.

It is known that high-valence chromium (Cr), molybde-
num (Mo), tungsten (W) and vanadium (V) have great
capability of modulating the electronic structures in other
catalysis systems.'™??! By virtue of structurally versatile
coordination property,”! we focus in particular on W to
regulate the electronic structure of Ni site, expecting to
weaken the adsorption of COO* intermediate on catalytic
sites.?

Herein, we successfully prepared the Ni-based catalyst
with homogeneous W dopant, which exhibited a record high
current density of 440 mAcm™ at 1.6 V versus reversible
hydrogen electrode (RHE) in 1 M KOH with 0.33 M urea,
remarkably outperforming the state-of-art UOR catalyst. The
in situ synchrotron-based X-ray absorption near-edge struc-
ture (XANES) reveals that the enhanced performance is
attributed to the transfer of outer-layer electron from Ni
atoms to adjacent W atoms. Finally, we coupled UOR with the
cathodic CO,R in a CO, electrolyzer, which lowered the cell
voltage by 370 mV compared to OER. The designed UOR//
CO,R system is expected to be a promoter of high-efficiency
energy-related and sewage-treatment system towards carbon-
neutral goal.
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The Ni-W binary pre-catalyst was synthesized via a simple
two-step method (Figure 1a and Supplementary Information
(S1)), a facile coprecipitation process and followed with
annealing under hydrogen/argon (550°C, H,:Ar=5:95)
atmosphere (Note S2). After electrochemically activated at
the potential of 1.1 V-1.6 V in 1 M KOH, the electrocatalyst
was obtained and denoted as Ni-WO,. The control samples
with different W:Ni ratios were prepared via the same method
(Figure S1). The scanning electron microscopy (SEM) image
showed a sphere-like morphology with an average size of
100 nm (Figure 1b). The high-resolution transmission elec-
tron microscopy (HRTEM) (Figure 1c) revealed an
expanded lattice spacing of 0.214 nm in Ni-WO, sample,
which was larger than NiO (200) plane (0.209 nm). This lattice
spacing deviation indicated that W was introduced into the
lattice of NiO and enlarged the original lattice spacing, as
reported in other materials.”>*! The elemental mapping
obtained by energy dispersive X-ray spectroscopy (EDS)
confirmed the homogeneous distribution of Ni, W and O
(Figure 1d—g) with a Ni/W molar ratio of 3.13 (Figure S2),
consistent with the results of inductively coupled plasma-mass
spectrometry (ICP-MS) measurements (Table S1). The X-ray

a
NaWQ,-2H,0
Coprecipitation
Annealing
NiCl,-6H,0 550°C, H,/ Ar

Figure 1. Synthesis and characterization of Ni-WO,. a) Schematic illustration of the synthesis of the
Ni-WO, catalyst. b) SEM image of Ni-WO,. c) HRTEM images of Ni-WO, and the corresponding
lattice spacings. d—g) HRTEM image and corresponding EDS results of Ni-WO,: Ni (purple), W
(blue), and O (yellow).
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diffraction (XRD) patterns and HRTEM together indicated
that the Ni-WO, catalyst was composed of surface W-doped
Ni oxides and bulk W-doped metallic Ni (Figure S3). Overall,
these results proved that the W atoms were successfully
incorporated into Ni lattice with a uniform distribution.

We next tested the UOR catalytic performance of a series
of Ni-WQO,, in a standard three-electrode electrochemical cell
(Figure S4). The OER and UOR activity of the best
performed Ni-WO, was evaluated by linear sweep voltam-
metry (LSV) in 1M KOH and 1 M KOH with 0.33 M urea,
respectively. As can be seen in Figure 2a, Ni-WO, required
a potential of 1.40 V to drive a current density of 100 mA cm >
when catalyzing UOR, negatively shifted by 273 mV com-
pared to that of OER. This result indicated that UOR was
more conducive to occur at low potential than OER (Fig-
ure 2a, inset). As shown in Figure 2b, the potential of Ni-
WO, required to reach 100 mA cm 2 for UOR is 80 mV lower
than that of NiO,, indicating that the Ni sites regulated by W
appreciably possess high catalytic activity for UOR. The WO,
and bare Ni foam displayed low current density, demonstrat-
ing that W sites and the substrate contributed negligible
activities during UOR. Moreover, the Ni-WO, catalyst
showed an obviously higher current
density at 1.6 V (440 mA cm?) than
NiO, catalyst (182 mA cm?), mani-
festing its faster reaction kinetics.

The UOR kinetics of different
catalysts was further investigated by
corresponding Tafel plots and elec-
trochemical impedance spectroscopy
(EIS). As shown in Figure 2c¢, the
Tafel slope of Ni-WO, was calculated
as about 39 mV dec™!, which is much
lower than that of NiO,
(191 mVdec™), confirming the
faster reaction kinetics of Ni-WO,.
The significant difference of Tafel
slopes of the two catalysts is possibly
due to the different rate-determining
steps (RDS). According to our pre-
vious research,™ the RDS of Ni-
WO, is the -CNO desorption step
because of the regulation effect of W,
while the RDS of NiO, is the CO,
desorption step (Table S3). The
charge transfer resistance (R)
obtained from EIS is also related to
the UOR kinetics at Ni-WO,/electro-
lyte interface (Figure S6). The R,
values for Ni-WOQO, is 6.2 Q, which is
obviously smaller than that of NiO,
(812 Q), revealing that Ni-WO, pos-
sessed a faster UOR rate than NiO,,
which is in line with the Tafel slope
results.

To evaluate the intrinsic activity
of these catalysts, we calculated the
turnover frequency (TOF) according
to the total catalyst loading mass

Angew. Chem. Int. Ed. 2021, 60, 10577 -10582
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Figure 2. Electrocatalytic UOR performance. a) Polarization curves of Ni-WO, in 1 M KOH with and without
0.33 M urea at a scan rate of 10 mVs™'; the inset shows an energy diagram representing the kinetics of OER
and UOR. b) UOR polarization curves of Ni-WO,, NiO,, WO,, and Ni foam as bare substrates. c) Tafel plots
and d) the specific activities (ECSA-normalized current density, left) and TOF plots (calculated by total Ni

atoms, right) of Ni-WO, and NiO,, respectively. €) Chronoamperometric curves at a constant current density

of 100 mAcm™2 for Ni-WO, in T M KOH with 0.33 M urea.

(Note S8). As can be seen from Figure 2d, the TOF of Ni-
WO, (0.11 s7") showed 4.8 times higher intrinsic activity than
that of NiO, (0.023s™"). Furthermore, we normalized the
current density using the electrochemically active surface
areas (ECSA), which obtained from electrochemical double-
layer capacitance (Cy) measurements (Figure S7), loading-
mass and BET area (Figure S8). The specific activities
(ECSA-normalized current density), mass activities (load-
ing-mass-normalized current density) and BET normalized
activities of Ni-WO, catalyst are 1.4, 2.4 and 1.1 times higher
than those of NiO, at 1.6V (Figure2d, Figure S9 and
Table S4), indicating that Ni-WO, exhibited higher intrinsic
activity than NiO,. Besides, stability is also a crucial param-
eter to evaluate the long-term UOR catalytic activity of the
electrocatalysts. The chronoamperometric response test was
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transfer from adjacent Ni
atoms to W atoms. The local
structure and coordinating
situation around W were
determined by Fourier trans-
form (FT) of extended X-ray
absorption fine structure
(EXAFS)  spectra  (Fig-
ure 3¢). Only the Ni-W scat-
terings were observed at
~2.52 A, suggesting that all the W atoms were surrounded
by Ni neighbors.”"*! In addition, the intensity of Ni-W peak
showed an enhancement for Ni-WO, under the applied
potential, demonstrating a stronger Ni-W correlations and
corresponding coordination geometry. Strikingly, both the
intensity of the W-O peak and fitted W-O coordination
number (Figure S10 and Table S5) of Ni-WO, at 1.6V
(1.87 A) are lower than that of pristine Ni-WO, (2.00 A),
suggesting the presence of oxygen vacancies in bulk. More-
over, in XPS O 1s spectra, the observed signal can be divided
into three peaks. The peak located at around 530.5 and
532.7eV can be ascribed to the lattice oxygen and the
absorbed H,O on the catalyst surface, respectively. The peak
located at around 531.4eV can be attributed to oxygen
vacancies (Figure S11), which brings synergetic effects of

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

10579


http://www.angewandte.org

10580 www.angewandte.org

GDCh C i Angewandte
~_7 ommunications memeragalEdtont) Chemie
4.0 b c
2 ---- W power 10207 o White-line position WO, 5d° 5 —ee- W
3.5+ WO, % Ni-WO,-1.6V 28 WO,
30]— Ni-WO,-no potential < 10206 4 ¥ Ni-WO,-no potential 44— Ni-WO,-no potential
ﬁ ——Ni-WO,-1.6V L ------- Calibration line & |——Ni-WO,-1.6V
I 251 5 4 %,
2 = WO, 5d? . #Ni-wO,no potential | = 31
T 20] 3 10205 > _,',_‘.‘" i-WO,-no potential S
o ® B
g 159 £ %2
= = g =
5 40 § 102041 =
=z 97 = ~ENI-WO,-1.6V -
0.5 = W powsér 5d* 14
10203 4 o Slope=0.907 eV per d-electron hole
0.0 0=z <
10160 10180 10200 10220 10240 6 8 10 1 2 3 4
Energy (eV) Formal empty d-electron hole (electrons) Radial distance (A)
d e f
1] N0 6V ;
P ——Ni-wo,-1.6V Ni% 2Py NiZ* 2p,,
@ 124 3 -~
2 s 3
° > =
N 038 o =
T < 2
£ 2 o]
<] = €
“ 04
~INi**sat.
0.0 [ INi?*sat.
8320 8340 8360 8380 8400 885 880 875 870 865 860 855 850 885 880 875 870 865 860 855 850
9 Energy (eV) Binding energy (eV) Binding energy (eV)
o o
” | €9 /I°I\ Urea
Absorption L 4 Desorption Q9 ¢
C) o+ . + s © o+ (% ) Q9 - .
/ Y +  Positive region
s} 5- 5 7/ N5 %
AN NH, \J HaN Uit : @ Negative region
+ +

Figure 3. Electronic structure analyses of Ni-WO, and NiO,. a) W L;-edge XANES spectra for Ni-WO,. b) White-line position of Ni-WO, (pentastar)
as a function of the formal d-band hole numbers. Formal d-band hole values were calculated based on the white-line shift and the increase of
0.907 eV per d-band hole calibrated from W powder (5d%), WO, (54%), and WO; (5d° standards. c) The W Ls-edge Fourier transforms of k-weight
EXAFS spectra for Ni-WO,. d) Ni K-edge XANES spectra for Ni-WO,~1.6 V and NiO,~1.6 V, respectively. e,f) High-resolution Ni 2p XPS spectra of
Ni-WO, and NiO, after reaction, respectively. g) Charge density difference for Ni-WO, from DFT calculations.

faster electron transport and enhancement of catalytic
activity of UOR catalysts.'!}

The normalized Ni K-edge XANES spectra of Ni-WO,
and NiO, under the applied potential of 1.6 V were shown in
Figure 3d. The adsorption edge of Ni-WO, is positively
shifted towards higher energy than that of NiO,, indicating
that Ni is more likely to be oxidized after introducing W. In
comparison with NiO, (2.48 A), the peak position of Ni-Ni
scattering for Ni-WO, (2.52 A) had an appreciably right shift
(Figure S12). The fitting results of Ni K-edge showed that
both the Ni-Ni bonds and Ni-W bonds were contained in Ni
K-edge EXAFS spectrum (Figure S13 and Table S6), which
was consistent with the W L;-edge EXAFS results. The
incorporation of W into Ni lattice, make a change of the
chemical environment of Ni and W.

To gain more investigation on the formation of Ni*" active
sites on catalyst surface after W incorporation, we further
carried out XPS measurements of Ni-WO, and NiO, samples.
In the high-resolution Ni 2p spectra (Figure 3e and f), the
binding energy of Ni 2p;, and Ni 2p,, can be deconvoluted

© 2021 Wiley-VCH GmbH

into two peaks. The peak centered at 856.3 and 873.9 eV can
be ascribed to Ni*", while the peaks located at 857.8 eV and
875.5eV can be attributed to Ni*",**?¥ which originate
from the oxidation of Ni in Ni-WO, compounds. It is
noteworthy that the percentage of Ni* on the surface of Ni-
WO, are higher compared to NiO,, suggesting that more Ni*"
active sites are formed in the Ni-WO, catalyst than in NiO,.
That means, the electrons of Ni are prone to transfer to W
then increased the valence state of Ni, demonstrating that W
modifies the electronic structures of Ni sites. These results,
taken together, reveal that the superior electrocatalytic
activity of Ni-WO, is due to the optimal charge distribution
amongst W and Ni sites, where W atoms can attract electrons
from adjacent Ni atoms and facilitate the formation of Ni**
active sites, thus accelerating UOR.

To understand the benefit of the charge-transfer inter-
action between W and Ni atoms in accelerating UOR process,
we carried out computational studies for the charge differ-
ence between W and Ni atoms (Figure 3g). In our calcu-
lations, W-doped NiOOH was considered as the catalyst

Angew. Chem. Int. Ed. 2021, 60, 10577 -10582
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To verity the feasibility of UOR as an alternative anodic
reaction, we made a thermodynamic analysis (Table S7 and
Note S10) and assembled a flow electrolyzer. The cell used
Ni-WO, as anodic electrocatalyst for UOR and commercial
Ag nanoparticles (Ag NPs) as cathodic catalyst for CO,
electroreduction (Note S11). The design of the electrolyzer
is schematically illustrated in Figure 4 a. For comparison, 1 M
KOH with and without 0.33 M urea were chosen as electro-
lytes. The benefit of UOR in lowering cell potential was
verified by the polarization curves (Figure 4b). The electro-
oxidation of urea coupled to electroreduction of CO, resulted
in a significantly decrease of the cell voltage (2.16 V) to drive
a current density of 100 mA cm 2 for CO formation and urea
decomposition, which is 370 mV lower than the system using
OER as anodic reaction, saving 15% energy (Note 11). To
ensure the cathodic CO, electroreduction remains unaffected
by the urea in electrolyte, a durability plot of the electrolyzer
was carried out and the result was shown in Figure 4c.
Cathodic CO, electroreduction produced CO at a Faradaic
efficiency of 98 %, the corresponding gas production analysis
was shown in Figure S15a. Moreover, there was no signal at
chemical shift of formate (8.34 ppm) and urea (5.60 ppm),

2000

measurement of evolved CO.
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Figure 4. Demonstration of UOR combined with CO,R. a) The schematic image of the UOR//CO,R electrolyzer.
b) Polarization curves of the electrolyzer in 1 M KOH with and without 0.33 M urea at scan rate of 10 mVs™".
c) Cell voltage as a function of time recorded with the anodic Ni-WO, electrode and cathodic Ag NPs electrode
at a current density of 100 mAcm™ and the corresponding Faradaic efficiency from the chromatographic

according to the NMR spectra (Figure S15b and Figure S15c),
indicating the high selectivity of the CO product and good
performance of urea decomposition.

In summary, this work described how the incorporation of
high-valence W promote the catalytic activity of Ni active
sites for UOR. We offer a modulating strategy enabling the
partial electrons transfer from Ni to W to create electro-
catalytic active sites with high intrinsic activity. Besides, by
replacing conventional anodic half-reaction OER with UOR,
we achieved a low cell potential of 2.16 V in a CO,-to-CO
electrolyzer and saved 15% energy compared to traditional
OER, showing a promising future of the industrialization of
CO, electroreduction and other energy-related technologies.
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