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ABSTRACT

Urea oxidation reaction (UOR) has been widely considered as an alternative anodic reaction to water oxi-
dation for the green production of hydrogen fuel. Due to the high catalytic activity of transition metal oxi-
des towards UOR, various strategies have been developed to improve their syntheses and catalytic
properties. However, little is known about the underlying mechanisms of UOR on catalyst surface. In this
work, three transition metal oxides, including NiO, Co30,4, and Fe,05 are investigated as model catalysts.
Through analyzing the electrochemical properties by cyclic voltammetry (CV), electrochemical impe-
dance spectroscopy (EIS), and operando Raman spectroscopy, it is revealed that NiO has a unique high cat-
alytic activity towards UOR due to simultaneous formation of a thin layer of oxyhydroxide species above
1.40 V vs. RHE in alkaline media. In addition, density functional theory (DFT) calculations further suggest
that the adsorption of urea molecules is largely affected by surface interactions resulting in different
space configurations, which impose large influences on the consecutive deprotonation and N—N forma-
tion processes. Overall, results of this work point to the subtle adsorption — kinetics relationship in UOR
and highlight the importance of the interfacial electronic interactions on catalyst surface.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Electrocatalytic water splitting is one of the most promising
approaches for hydrogen fuel production, which has been consid-
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ered as a key technique to realize the sustainable development of
clean and renewable energies for human society [1]. At the core
of this technology lies the development of efficient catalysts to
improve the kinetics of the oxygen evolution reaction (OER), which
oxidizes water generating oxygen molecules on the anode of the
electrolytic cell. However, even utilizing the state-of-the-art cata-

yangchzh6@mail.sysu.edu.cn lysts such as IrO, and RuO,, the overall water electrolysis still
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requires high energy consumption and operation cost to overcome
the sluggish kinetics of OER [2]. An alternative approach is to
replace OER with more thermodynamical favorable reactions at
the anode, such as oxidation of ammonia [3], hydrazine [4], alcohol
[5], glucose [6], and urea [7] to assist water electrolysis with low
overpotentials and energy input. Among these reactions, the urea
oxidation reaction (UOR) has attracted substantial research inter-
ests owning to its advantage in simultaneously remediating
urine-rich waste water and hydrogen production. Comparing to
the hydrogen evolution reaction (HER) at the cathode, the UOR still
faces relatively large overpotentials. There are 6 consecutive
proton-coupled electron transfer step (PCET) [8] involved in the
presence of OH™ groups for complete oxidation of urea in order
to generate N, and CO, according to the following electrode half-
reactions: CO(NH2)y ) + 60H ) — Nagg) + 5H20(qq) + COyg) + Ge™.
Clearly, the development of highly efficient catalysts for UOR is
of significance, thus considerable research efforts have been put
forth to the exploration of different electrode materials to improve
the kinetics of urea electro-oxidation [9].

So far, various transition metal-based catalysts such as IrO,
[10], Pt-Ir [11], Ta;05-IrO; [12], Ni(OH), [13,14], Ni-Rh [11], NiCo,-
04[15], NiMoO4 [16] and etc. have been implemented for urea oxi-
dation which have demonstrated modest activities in either
neutral or alkaline medium. Due to the high cost and limiting sup-
ply, noble metal catalysts such as Pt, Ru, or Ir-based catalysts are
generally considered not suitable for large-scale industrial applica-
tions. Instead, Ni-/Co-/Fe-based catalysts have garnered tremen-
dous research attention considering their earth abundance, high
stability in the strong alkaline media, low cost, and etc. [17-19].
Indeed, they have demonstrated excellent electrocatalytic activi-
ties in various electrochemical reactions, including the oxygen
reduction reaction (ORR) [20], the oxygen evolution reaction
(OER) [21], CO; reduction reaction (CO,RR) [22], and etc. Not only
due to their innate electrochemical activities, but also the enriched
structural diversity, as well as the ability to be mixed, doped, and
combined with other materials, Ni-/Co-/Fe-based catalysts have
been extensively investigated and often employed as model cata-
lysts for the study of fundamental electrochemical processes and
mechanisms. In this regard, we attempted to investigate the UOR
mechanisms by using some representative examples of Ni, Fe
and Co oxides and (oxy)hydroxides. Results may help us to estab-
lish a more intimate connection between the dissociation of urea
molecules and heterogeneous catalyst systems.

So far, two major strategies have been explored to boost the
UOR kinetics. One is to enhance the electrochemically active sur-
face area (ECSA) by engineering the nanotechnology to increase
the reactive metal sites exposed to electrolyte [23-25], and the
other is to incorporate additional elements such as Pt, Cu, Mo
and etc. [26-28] The doped elements can greatly promote the dop-
ing effect and modulate the electronic structure [29-32]. However,
there is still lack of deep understanding of the underlying UOR
mechanism. One significant question hasn’t been answered is
why Ni demonstrated such a unique promising intrinsic catalytic
activity towards UOR. So far, there are few studies on the active
sites and evolution of transition metal oxide surfaces in UOR reac-
tions [33]. Understanding the specific interactions between urea
and Ni catalytic sites would provide insights into the solid-liquid
interfaces. The accurate determination of adsorption energy
between catalytic intermediates and reactants will greatly benefit
to the setup of property-activity correlations and the design of
highly efficient UOR catalysts.

In this work, three commercially available transition metal oxi-
des including rock-salt structured NiO, spinel-type Cos04 and
hematite a-Fe,03, are employed as model catalysts for UOR. Their
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electrocatalytic behaviors at different electrochemical potentials
for both OER and UOR are studied by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). Operando
Raman spectroscopy was conducted to probe the structure evolu-
tion and surface intermediates involved in UOR. To understand
the surface interactions between catalysts and electrolyte, the
adsorption energies of urea on different transition metal oxides
were calculated by density functional theory (DFT) method. The
adsorption energy of urea molecule on different catalyst surface
can be largely affected by the electronic interactions, which results
in different space configurations and influence the following
decomposition process. Overall, results of this work revealed the
complexity of the UOR mechanism.

2. Experimental
2.1. Materials

Nickel oxide (NiO) and Ferric oxide (Fe,03) powders were pur-
chased from Aladdin Reagent. Cobalt oxide (Co304) powder was
bought from Alfa Aesar Chemical Co., LTD. Ni(NOs),-6H,0, Co
(NO3),-6H,0 and FeCl;-6H,0 from Aladdin Reagent were used for
electrodeposition of hydroxide films. Potassium hydroxide (KOH)
and Urea were brought from Sinopharm Chemical Reagent Co.,
Ltd. Nafion was ordered from Alfa Aesar Chemical Co., LTD. Ag/AgCl
reference electrode was brought from CHI760e, Shanghai. Carbon
paper was brought from Toray. All materials were used as received
without further purification. Ultrapure water (18 M ohm) was used
throughout this study.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns of the samples
were collected on a Bruker D8 Advance Powder X-ray diffractome-
ter (45 kV, 30 mA) using Ni-filtered Cu Ko radiation in the 26 rang-
ing from 20 to 80° at a scan rate of 0.02° per second. The
morphology of catalyst was observed by transmission electron
microscope (TEM). The specific surface area of each oxide was
determined using Brunauer, Emmet and Teller (BET) analysis car-
ried out on a Micromeritics ASAP2020 equipment (Micromeritics
Instrument Corp., USA). Samples were firstly degassed in vacuum
at 473 K for 2 h, then the nitrogen adsorption and desorption iso-
therms were measured at 77 K and 273 K, respectively. The X-ray
photoelectron spectroscopy (XPS) was carried out on ESCALab MKII
X-ray photoelectron spectrometer. Operando Raman spectra were
collected at room temperature (25°C) in a home-made electro-
chemical cell with a confocal Raman microscope (Renishaw inVia)
using a laser with a wavelength of 532 as the excitation source. The
laser power was 5 mW. The Raman electrolysis cell is designed
with three electrodes. The electrode potential was stepwise
increased from 1.2 V to 1.65 V with a voltage interval of 50 mV.
In situ electrochemical gas chromatography is conducted with Shi-
madzu GC-2030 and thermal conductivity detector (TCD). Ar was
used as the carrier gas for sampling the gas produced by electro-
chemical reaction. Before the reaction, Ar was purged into the elec-
trochemical reaction cell and the electrolyte for 15 min. The
electrode was applied at certain potentials for 10 min.

2.3. Electrochemical measurements

The electrochemical experiments were performed in a standard
three-electrode configuration by using an electrochemical work-
station (CHI760e, Shanghai). A Pt plate, and saturated Ag/AgCl
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electrode were used as counter electrode (CE) and reference elec-
trode (RE), respectively. Both glass carbon electrode and carbon
paper were employed as working electrode (WE) depending on
the experiment purpose.

For transition metal oxides, electrodes were prepared by the
classical drop-casting method. For catalyst ink preparation, 5 mg
of catalysts (NiO, Fe,03, Co304), 0.5 mg of carbon black, with
15 pL Nafion solutions (5 wt%) were dispersed in 1.0 mL ethanol
with the assistance of by sonication 10-20 min to form a homoge-
neous catalyst ink. For kinetic study, 10 pL of the as-prepared cat-
alyst ink was then drop-casted on to a polished mirror-like glassy
carbon electrode (5 mm in diameter), and dried in air at room tem-
perature (25 °C). In order to ensure enough samples for physical
characterizations of reacted catalysts, we also prepared carbon
paper electrodes following the same drop-casting strategy but with
relatively larger amount loading of oxide catalysts (7.5 mg/cm?),
for EIS, operando Raman spectroscopy, and in situ gas chromatogra-
phy measurements.

Transition metal hydroxides were prepared by electrodeposi-
tion at a constant potential of —1.0 V vs. Ag/AgCl for 360 s in
0.1 M Ni(NOs),, Co(NO3), and FeCl; aqueous solutions, respec-
tively. Carbon paper with a deposition area of 1 x 1 cm?, platinum
sheet and saturated Ag/AgCl electrode were used as working elec-
trode, counter electrode and reference electrode, respectively.
Before UOR tests, the obtained film catalysts were further activated
in 1.0 M KOH solution through continuous CV cycling at a scan rate
of 10 mV s-1 in a potential range of 1.1 Vgyg to 1.7 Vyye.

Tafel curves were derived from the forward scans of CV curves.
Ohmic drops were corrected by subtracting the electrolyte resis-
tance determined by high-frequency AC impedance, where iR-
corrected potentials are denoted as E - iR (i as the current and R
as the electrolyte resistance).

The electrochemical impedance spectra (EIS) measurements
were recorded in a frequency range of 0.1 ~ 100000 Hz with an
amplitude of 5 mV. The working electrodes were activated by
10-20 cycles of CV at 20 mV s-1 in 1 M KOH. For each measure-
ment a fresh electrolyte was used to ensure that adsorbates from
previous experiments did not influence the result.

2.4. DFT calculations

All first-principles calculations are performed using the
Vienna Ab initio Simulation Package (VASP) [34]. The generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
functional was used for describing the electronic exchange and
correlation [35]. The projector augmented wave (PAW) method
[36]was used to describe the wave function of the interaction
between ion and core electrons, while plane waves with
400 eV cutoff energy were extended the Kohn-Sham (KS) wave
functions. In geometric optimization, the total energy was con-
verged to 10> eV, and the Hellmann-Feynman force on each
relaxed atom was less than 0.02 eV/A. Set the vacuum space
between two adjacent sheets to at least 15 A to eliminate inter-
action between each other. The DFT + U parameter (U value) was
set as 5.0, 5.9, 5.3 eV for Fe, Co, Ni, respectively. The long-range
interactions (DFT-DF3) are considered as a correction in all the
calculations [37]. Spin polarization was included for the correct
description of magnetic properties.

3. Results and discussion
3.1. Electrocatalytic activities of UOR and OER

Upon the anodic treatment, urea molecules can be destroyed
during the oxidation reaction due to the subtraction of one or more
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electrons from its structure. However, the exact mechanisms and
kinetics of urea decomposition on various electrode materials
may differ, largely depending on the electrostatic interactions
between the heterogenous structure and urea molecules in elec-
trolyte, as well as the intermediate products formed on catalyst
surface, both affecting the reaction pathways and activation energy
of rate determining steps (RDS) [38]. In addition, there could be
many other factors affecting the overall catalytic performance,
including the crystal structure, composition, particle size, mor-
phology and etc. To simplify the study, three powders of metal oxi-
des purchased without further treatment were adopted as model
catalysts in this study, including NiO in a rock-salt structure,
Co304 with a spinel structure, and hematite o-Fe,O; powders
(Fig. 1). We attempted to make surface chemical composition
and structure are the only variable factor in the mechanistic
analysis.

To eliminate the potential influence of powder morphology,
structure, and other factors, systematic physical characterizations
were conducted on these oxides before electrochemical measure-
ments. The crystal structure of these commercial oxide powders
was confirmed by powder XRD measurements (Fig. S1). High-
resolution TEM (Fig. S2) was employed to analyze their exposed
facets which were implemented as model facets in later DFT stud-
ies. BET surface area was determined from nitrogen adsorption
desorption isotherms (Fig. S3), which is significant for probing
the intrinsic catalytic activities of different oxides for UOR. At last,
considering that most oxides could inevitably form thin layers of
(oxy)hydroxides on their particle surfaces during electrochemical
treatment in alkaline media, which may function as real catalytic
material, Ni-/Co-/Fe- hydroxides thin films were therefore
prepared via a simple electrodeposition method for comparison.
As schematically proposed in Fig. 1, the research objective is to

y
¢ ¥o ,
TR ®
( © adsorptionsites S

f / talyst-electrolyt
%/ \/VA\/\ catalyst-electrolyte

interface

heterogeneous catalysts
250

Co50,

Fig. 1. Schematic illustration of the dynamic electrochemical processes involved
during UOR on catalyst surface, including urea adsorption, dissociation, and further
electrochemical oxidation. Three transition metal oxides (spinel-type Cos0.,
hematite o-Fe,03, and rock-salt structured NiO) were selected as model catalysts
to investigate the catalytic behaviors and mechanisms of UOR.
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establish a more intimate connection between urea decomposition
and heterogeneous Ni-/Co-/Fe- based catalyst systems.

The kinetics of OER and UOR on different Ni-/Co-/Fe-oxides and
hydroxides was firstly investigated in 1.0 M KOH solution, with
and without the addition of 0.33 M urea using glass carbon and
carbon paper electrode, respectively. Fig. 2a-2c display the CV
curves of these oxides measured in different electrolytes. All cata-
lysts demonstrated modest OER activities in alkaline media,
whereas for UOR, the NiO showed a superior catalytic performance
than other oxides, with a drastic increase of the anodic current at
1.35 V vs. RHE. In order to better understand the involved redox
behaviors on the surface, CV curves were enlarged at the typical
capacitance region as shown in Fig. S4a-4c. A pair of reversible
redox peaks is observed at 1.35 V vs. RHE for NiO. Interestingly,
the catalytic oxidation of urea also occurs concomitantly at the
same potential region. With the addition of 0.33 M urea in KOH
electrolyte, the anodic current drastically increased in the potential
range of 1.35-1.55 V vs. RHE. This phenomenon was explained in
many previous studies [29,39]. It's generally considered that Ni3*
is the active sites for urea oxidation [33].

When 0.33 M of urea was added to the alkaline electrolyte, the
OER performance of the Co30,4 catalyst is suppressed at high poten-
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tials (Fig. 2b). A reversible redox peak appeared at 1.43 V vs. RHE,
which is attributed to the redox of Co®*/#* in alkaline media [40].
Particularly, the Co*" is responsible for the catalytic oxidation of
adsorbed water molecules [41]. The catalytic oxidation of urea also
occurs at the same potential region, but the associated UOR activity
is relatively poor compared to NiO. For Fe,03 catalyst, the addition
of urea showed no obvious change in CV curves (Fig. 2c). Further-
more, we didn’t observe any reversible redox peaks in Fig. S4c, but
there is an increase of the anodic current at potential regions
between 1.4 and 1.55 V vs. RHE, indicating that the UOR takes
place but is poorly reacted. Beyond this potential, water oxidation
seems to be the dominant reaction occurring on catalyst surface.
The corresponding Tafel plots of these CV curves were plotted in
Fig. S4d-4f, which revealed more information of the reaction kinet-
ics for three metal oxide catalysts. For both NiO and Cos0,, the cat-
alytic UOR seems to be associated with the formation of higher
valent metal sites such as Ni>* at 1.32 V vs. RHE and Co*" at
1.36 V vs. RHE, respectively. Since there is no further oxidation of
Fe3* on Fe,05, UOR occurs above 1.4 V vs. RHE. In 0.33 M urea solu-
tion, the Tafel slopes of NiO (24 mV dec™!) is much lower than that
of Co;0,4 and Fe,05 (127 mV dec™! and 145 mV dec™!, respectively),
revealing the higher kinetics for UOR on NiO catalyst. At elevated

20
4 @ —— NiO-KOH b —Co;0,-KOH c - ——Fe,0,-KOH
- ——NiO-Urea 16 —C030,-Urea 4] ——Fe,0;-Urea
e"g € 124 £ o
° 104 2 e
g € of g,
~ 5 ol
14
0 0 0
T a2 5 9% 45 i 1 11 12 13 14 15 16 17 11 12 13 14 15 16 17
E_iR (V vs. RHE) E-iR (V vs. RHE) E- iR (V vs. RHE)
d 40 —Ni(OH),-KOH e < ——Co(OH),-KOH f . —— Fe(OH);-KOH
——Ni(OH),-Urea i —— Co(OH),-Urea 4] ——Fe(OH);-Urea
30- ]
o & & 34
£ 20 § 101 5
< < < 2
§ 101 LE\, 5 %
14
0A
01 0
T2 13 1a 15 18 17 11 12 13 14 15 16 17 11 12 13 14 15 16 17
E-iR (V vs. RHE) E-iR (V vs. RHE) E-iR (V vs. RHE)
g 1.45 V vs. RHE 5 I 1.65 V vs. RHE
| \ Y% KOH
o § VY \w g\«Urea 100 +
= 041 \ N
o] \ 2\
. %
u 1M "
1 7! !}
0.001 - %& /é//:\\ é&\ %§ \
NiO  Co0, Fe,0, Ni(OH), Co(OH), Fe(OH), NiO  Co,0, Fe,0;5  Ni(OH), Co(OH), Fe(OH),

Fig. 2. Electrochemical performance of different transition metal oxides and hydroxides for UOR and OER in 1.0 M KOH solution with and without urea: (a-c) CV curves of
commercial NiO, Co304 and Fe,03 powders as electrocatalysts, (d-f) CV curves of electrodeposited Ni(OH),, Co(OH) , and Fe(OH); as electrocatalysts. Comparison of the

anodic UOR and OER currents at 1.45 V (g) and 1.65 V vs. RHE (h).
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potentials OER takes place as a competitive reaction to UOR on cat-
alyst surface. The Tafel slope of NiO is largely increased from
47 mV dec'in KOH to 234 mV dec! in KOH solution with urea,
suggesting that the surface coverage of reaction intermediates dur-
ing UOR may block the reactive sites resulting in decreased OER
catalytic ability. However, this phenomenon was not observed on
CO304 or Fezog.

As mentioned above, for comparison, we also prepared transi-
tion metal hydroxides of Ni(OH),, Co(OH), and Fe(OH); by elec-
trodeposition method. As shown in Fig. 2d-2f, the obtained
hydroxides demonstrated similar electrochemical performance in
both OER and UOR. Particularly, the Ni(OH), deposit exhibited
unique catalytic activity in urea-containing alkaline solution. Espe-
cially, the UOR starts at a very low potential of ~ 1.4 V vs. RHE,
which is also associated with the electrochemical oxidation of Ni
sites from Ni%* to Ni*>*. Comparing to NiO, we didn’t observe the
decrease of anodic current at elevated potentials, e.g., 1.6 V vs.
RHE. This phenomenon reflected the dynamic equilibrium occur-
ring on catalyst interfaces following the electrochemical-
chemical reaction mechanism. The electrochemically oxidized
Ni>* can be chemically reduced by adsorbed urea molecules to
Ni%*, which were continuously oxidized to Ni**. Owing to the
limited active sites of NiO, and the amount of Ni**/** cationic redox
centers is much smaller than that in Ni(OH),. Upon increasing elec-
trode potentials, the electro-oxidation of Ni** and subsequent
chemical reduction by urea reaches a dynamic equilibrium on
the catalyst-electrolyte interfaces. The oxide surface is quickly cov-
ered by intermediate products, resulting in a decrease of the anodic
current. Benefiting from the enriched Ni sites in the electrode-
posited Ni(OH),, this dynamic equilibrium cannot be reached due
to sufficient removal of urea from the catalyst surface. In contrary,
Co(OH) , didn’t display any catalytic activity towards UOR (Fig. 1e).
Interestingly, Fe(OH); can oxidize urea at higher potentials at
1.55 V vs. RHE, however, the activity is much poorer than that of
Ni(OH)s.

Fi g. 2 g-2 h further summarized the anodic currents of transi-
tion metal oxides and hydroxides obtained at different potentials.
At a low potential of 1.45 V vs. RHE, the NiO exhibited a unique cat-
alytic performance towards UOR among all catalysts. However, its
corresponding hydroxide form, Ni(OH),, didn’t display any promis-
ing activity in urea-containing KOH solution. This observation is
out of expectation, since Ni(OH), clearly possesses more exposed
Ni sites than NiO on surface. It’s therefore hypothesized that the
charge-transfer resistance at the interfaces may also strongly influ-
ence the kinetics of chemical reactions between Ni** and urea
molecules at low potentials. Both Co304 and Co(OH), demon-
strated negligible activities towards UOR. Particularly, the currents
were even reduced at 1.65 V vs. RHE, suggesting that the presence
or adsorption of urea molecules on cobalt catalyst surface may
block the active sites for OER. When it comes to Fe,O3 and Fe
(OH)s, there is little increase of the current density of UOR at
1.65 V vs. RHE, indicating their catalytic properties function at
higher potentials. Finally, it's worth to mention that the current
densities are normalized by geometric surface area of the elec-
trode. To reflect the intrinsic activity, the anodic currents were also
normalized by BET surface area. As shown in Fig. S5, the NiO still
demonstrated the unique highest UOR activities.

3.2. In situ gas chromatography measurement for H, production

In order to further compare the differences in the activity of the
three catalysts in electrocatalytic oxidation of urea, in situ gas chro-
matography was conducted to examine the practical yield of H,
during the electrochemical operation in 1 M KOH with or without
0.33 M urea solution. Carbon paper electrodes were prepared as
work electrode base for in situ gas chromatography, a piece of Pt
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plate is used as the cathode to assist HER. As shown in Fig. 3, at
a low working potential (1.45 V vs. RHE) and in the absence of urea,
H, cannot be detected by the gas chromatography from all three
catalyst systems. After adding 0.33 M urea into the anodic elec-
trolyte, over 3000 ppm of H, can be detected from the system
using NiO catalyst as the anode, which is 5 times that of the
Co304 catalyst system (~600 ppm). Results clearly proved the
superior ability of NiO for assisting hydrogen production by urea
electrolysis with lower energy input. When the electrode potential
raised to 1.65 V vs. RHE, H, was detected on all the three catalyst
systems. It’s noticed that the amount of H, produced in both Co304
and Fe,05 catalyst systems show less affection by the addition of
urea into the KOH electrolyte. Thus, results of the in-situ gas chro-
matography measurements suggested that the NiO-based catalyst
could play a unique role in practical urea-assisted H, production
technology.

3.3. EIS study of UOR

Rather than DC technology, AC technology can be used in EIS to
provide more dynamic and electrode interface information in a
wider frequency range [42]. Accordingly, the electrochemical prop-
erties of these three oxides towards OER and UOR were further
evaluated by EIS.

Fig. 4 compares the Nyquist plots and Bode plots of NiO in KOH
solution with and without urea. In order to depict the dynamic
evolution of involved reactions, the applied potential of EIS is step-
wise increased from 1.35 to 1.65 V vs. RHE. In a pure KOH solution,

90004 a 145V vs. RHE KOH
| Urea
6000 -
3000 -
3
[oR
£
& ¢
s 0 —
S 90004 b 1.65V vs. RHE KOH
8 Urea
ol
N
T
6000 -
3000 -
oL
NiO Co;0, Fe,O4

Fig. 3. H; production detected by in situ gas chromatography in different catalyst
systems (using Pt plate as cathode and NiO, Cos04, Fe;05 as the anode) by holding
electrode potential at 1.45 and 1.65 V vs. RHE for 10 mins in 1.0 M KOH solution
with or without 0.33 M urea. (Grey diamond markers indicate negligible detection
of H, gas by GC.).
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a semi-circle is observed in the Nyquist plot at 1.60 V vs. RHE,
which is an indication for triggering the OER electrochemical
process on electrode surface. In the presence of 0.33 M Urea
(Fig. 4b), the semi-circle appears at a much lower potential
(1.40 V vs. RHE). The impedance measured at 1.4 V on NiO catalyst
are significantly different in KOH with and without Urea. We con-
sider this phenomenon as a strong indication as the start point for
urea electrolysis on NiO surface. The reduced size of semicircle of
impedance spectra reflected the small charge transfer resistance,
which is directly associated to the fast reaction kinetics of the urea
electrolysis occurring on solid-liquid interfaces. The size of the
semi-circle continuously decreased at higher potentials of 1.55 V
vs. RHE. However, as the voltage increase, a reverse circuit with
negative real part impedance at 1.65 V vs. RHE was observed. It
has been reported that impedance changes are often encountered
during electrooxidation of methanol and ethanol on Pt-based cata-
lysts. For example, Hsing et al. [43] verified through theoretical cal-
culation and experimental results that CO, the intermediate
produced in electrocatalytic methanol oxidation, would strongly
adsorb on the catalyst surface. Once the electrooxidation interme-
diate process becomes a rate-determining step or its rate is compa-
rable to that of the dehydrogenation process, the impedance
diagram will be reversed from the first quadrant to the second,
or extended to the third and fourth quadrants. This phenomenon
observed at 1.65 V vs. RHE is also consistent with the results of
CV in Fig. 2a, which can be well explained by the dynamic point
of view on catalyst-electrolyte interfaces. The reversal of resistance
in EIS originates from the surface state quantity X, which repre-
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=3 30 1.55V
S 160 V 160V
s, 20| 165V
y
101
7
./,'l/
W.SS Vv
O'_ 1 T T T
10 20 30 40 50
Z' (ohm)
C 80
. —=—135V
—A— 145V
3 7 ‘&- —v—1.50V
g £ -0.70 155V
~ "/‘G/ 1.60 V
5 404 _~%3 —»—1.65V
© |
n
©
)
0.
0 : : : : :
-1 0 1 2 3 4 5

log (frequency/Hz)

Journal of Colloid and Interface Science 620 (2022) 442-453

sents the late desorption of intermediate products formed on the
electrode surface, or the formation of passivation film covered on
the electrode surface. Generally, in electrochemical reaction, the
current-voltage relationship satisfies the dynamic formula of B-V
equation. Current I is a function of voltage E and surface state
quantity X. Under the disturbance of AE, the function of current
total differential can be derived as [44,45]:
ol ol

Al = (A + (55)AX

Ret?1BL
a—Ret[B]
1+jwa—\l}Rct

B represents the product of the partial differential of current to
voltage and the change rate of surface state quantity X to the par-
tial differential of X, a represents change rate of surface state quan-
tity X to the partial differential of E.

When B < 0, a — R«|B| < 0, the equivalent resistance of impe-
dance is negative, which makes the impedance diagram reversed.
Therefore, we speculate that at 1.65 V vs. RHE, the surface of NiO
is fully covered by intermediate products, which block the reactive
sites for further reaction. Overall, the abnormal phenomenon at
1.65 V vs. RHE observed on NiO shows that the electrochemical
reaction is jointly controlled by kinetics, diffusion, adsorption
and desorption. It is confirmed that the adsorption and desorption
of the intermediate product CO, affects the catalytic performance
of NiO material.

In the corresponding Bode plot for UOR, a peak is observed at a
low frequency of 10°%°! Hz at 1.40 V vs. RHE, indicating that there

The impedance can be written as:.Z = Ry +
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Fig. 4. Evolution of EIS spectra using NiO as electrocatalyst with increasing applied potentials in 1 M KOH (4, c) and 1 M KOH with 0.33 M Urea (b, d).
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is a charge-transfer process involved on NiO surface at this poten-
tial. Moreover, it’s noted that the peak center is quickly shifting to
10%%° Hz at 1.45 V vs. RHE, and further to higher frequencies (10°°!
Hz) at elevated potentials. The peak position reflected the time
domain of the charge-transfer process, which is associated to the
kinetics of the electrochemical reactions. Clearly, comparing to
the OER process, the kinetics of urea oxidation on Ni surface is
much faster.

EIS studies were also carried out on Co304 and Fe,0s3 electrodes.
In Fig. 5a, for the Co304 catalyst in KOH solution, all EIS spectra in
the potential range from 1.35 V to 1.60 V vs. RHE show diagonal
lines with no semi-circles formed, which is a typical symptom of
electric double layer capacitive behavior with large Warburg diffu-
sion resistance at these potentials. Up to 1.65 V vs. RHE, the Co30,4
starts to catalyze water oxidation. Comparing to the EIS spectra
obtained in urea-contained KOH solution, the involved diffusion
resistance decreased slightly. At 1.60 V vs. RHE, a semi-circle is
observed indicating the catalytic oxidation of both urea and water.
However, based on the size the semi-circle, a relatively large
charge-transfer resistance of ~ 30 Q is expected. Similar evolution
trend of the EIS spectra is also observed on Fe,03 electrode as
shown in Fig. 6. In addition, the peak positions in the correspond-
ing Bode plot for Co304 and Fe,03 at 1.45 V vs. RHE is estimated to
be 10°%63 and 1017 Hz, respectively, both are ten times smaller
than that of NiO (f = 10> Hz).
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3.4. Electrochemical operando Raman spectroscopy

So far, we evaluated the electrochemical properties of these
three oxide catalysts for OER and UOR by CV and EIS, and con-
firmed the superior performance of NiO towards UOR. The different
electrochemical behaviors of three typical catalysts during UOR
proved that the reaction was an inner sphere reaction, which
strongly depended on the formation of surface reactive intermedi-
ates. However, using these classical electrochemical methods can
only provide some indirect and incomplete information on reac-
tion kinetics, which is still difficult to depict the dynamic electro-
chemical processes involved on electrode surface.

Therefore, a combination of electrochemical measurement and
operando Raman spectroscopy was developed to monitor the
dynamic formation of reaction intermediates on the electrocatalyst
surface [46]. In order to better understand the unique catalytic
activity of NiO for catalysis of urea oxidation, we further carried
out operando Raman spectroscopy study (Fig. 7). It’s expected that
the analysis can provide more valuable information to help us fig-
ure out the underlying mechanism.

Fig. 7 shows the evolutions of Raman spectra for NiO, Co304,
and Fe,03 catalysts in KOH solution with and without addition of
urea. The potential applied on the catalyst electrodes is stepwise
increased from 1.25 to 1.65 V vs. RHE with an interval of 50 mV
per spectroscopy. The most interested sample is NiO as shown in
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Fig. 5. Evolution of EIS spectra using Co;04 as electrocatalyst with increasing applied potentials in 1 M KOH (a, ¢) and 1 M KOH with 0.33 M Urea (b, d).
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Fig. 6. Evolution of EIS spectra using Fe,03 as electrocatalyst with increasing applied potentials in 1 M KOH (a, c) and 1 M KOH with 0.33 M Urea (b, d).

Fig. 7a for OER and Fig. 7d for UOR. Two peaks centered at
476 cm~! and 556 cm~! appeared above 1.45 V vs. RHE in in both
KOH and KOH/urea electrolytes. Accordingly, these two peaks can
be ascribed to Ni-O bending and stretching vibration characteris-
tics of NiOOH, which is strong indication for the formation of a thin
layer of NiOOH on NiO surface [47,48]. At the meantime, another
broad signal detected at 1003 cm™! representing the symmetric
C—N stretching vibration in urea disappeared concomitantly, indi-
cating that urea was electrochemically oxidized by NiOOH catalyst.
It’s thereby concluded that the formation of NiOOH is the key
material for triggering the high catalytic performance for urea
electrooxidation.

The evolution of Raman peaks of Cos04 were carefully moni-
tored and the results are shown in Fig. 7b and 7e. The characteristic
peaks at 483, 525 and 690 cm ™' are matching well with the origi-
nal Co304 [49]. The Raman bands located at 483 and 525 cm™! have
the Co-O symmetric E; and asymmetric F,g bending, respectively.
The strong band at about 690 cm~! is assigned to the Ag species
of Co-O symmetric stretching. The well-maintained Raman peaks
reflected the good structural integrity of Co304 in alkaline solution
for OER and UOR. It is interesting to note that no obvious Raman
features of COOOH have been observed. The most possible reason
is that the Co ions in solid spinel Cos04 are strongly bonded with
O anions [50].

The same phenomenon also observed on Fe,0; electrode in
Fig. 7c and 7f. The vibration bands at 225 cm™' is A;; mode and
293, 412, 613 and 1322 cm™! have four E; mode, which can be
assigned to the characteristics of Fe,05 crystal structure [51]. Upon
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electrochemical oxidation, we didn’t observe any shifts of these
bands. Overall, from our current results, it’s difficult to conclude
that there is an involvement of oxyhydroxide species on the sur-
face of Co304 or Fe,03 during UOR.

3.5. Surface adsorption behavior of urea molecules

As discussed above, we identified the key intermediates NiOOH
formed on NiO surface by operando Raman spectroscopy, which
may be responsible for the high catalytic activity observed during
UOR. Since electrochemical reactions normally take place on cata-
lyst surface, the surface electronic structure of the catalyst, includ-
ing the adsorption barrier of the intermediate and the overall
charge transfer can significantly influence the dynamics of the pro-
cess. Therefore, we further conducted DFT calculations to depict
the adsorption process of urea molecules on various catalyst sur-
faces. This insight into the solid — liquid interface is essential for
understanding the thermodynamics of catalytic reactions.

For simplicity, the [200] facet of NiO, [220] of Co304, [104] of
Fe,03,[001] of NiOOH, [001] of CoOOH and [010] of FeFOOH were
selected for calculation. Combined with XRD patterns (Fig. S4),
crystal facets of oxides were identified from TEM observations
which were found largely exposed on oxide samples used in our
measurements (Fig. S5). Based on the DFT calculations, the most
stable coordination of urea molecule on these facets are identified
and plotted in Fig. 8a-f. On the [104] facet of Fe,03, O atom in urea
interacted with exposed Fe sites, while the protons in -NH; groups
interacted with surface lattice oxygens. Similarly, O atoms are
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strongly interacted on the [220] facet of Co304, leading to a bridge
coordination of the structure. The preferential interaction between
N atoms in the two-NH, groups with Ni leads to a N-coordinated
bridge structure on NiO surface. The adsorption behavior on
M—OOH is significantly different from other oxides.

Urea molecule adsorbed specifically on the [001] facet of
CoOOH with hydrogen bonds dominated by O and H atoms.
[010] facet of FeOOH with hydrogen bonds dominated with O
atom, and the [001] facet of NiOOH with hydrogen bonds domi-
nated with O atom at the interactions. Based on the literature, most
transition metal atoms are found to interact with either the
nitrogen or oxygen atom of the urea molecule as observed
in many transition metal-urea complexes of Pd, Pt, Cr, Fe, Zn, and
Cu [52].

The corresponding adsorption energy in these stabilized modes
is compared in Fig. 8g. It’s noted that Co304 has a strong electronic
interaction with urea molecule, with the thermodynamic value up
to —3.8 eV. Based on the Sabastian principle that the catalyzed
molecules/intermediate should be moderately adsorbed on reac-
tive sites for achieving best performance. Such a strong adsorption
is probably not suitable for catalysis. As a result, the adsorption
energy of urea molecule on different catalyst surface is indeed lar-
gely influenced by the interactions, resulting in different space
configuration and coordination structures.

The adsorption strength reflects the thermodynamic energy
barriers to overcome. It has been widely discussed and
employed as an activity descriptor in evaluating the OER cata-
lysts. Tao et al. proved the oxygen intermediates generated at
OER electrochemical reaction interfaces of transition metal oxi-
des, revealed the bond formation energies of intermediates that
control OER kinetics of various catalysts, and the unique config-
urations of valence electrons in oxygen intermediates [53]. Sub-
baraman et al. reported that the OER activity of metal
hydroxides (Ni, Co and Fe) follows the order of Ni> Co > Fe,
and the performance of OER was related with the strength of
OH,4-M™ [54]. Recently, the adsorption energy of urea mole-
cules has also been intensively discussed in UOR. For example,
Schranck et al. demonstrated a strategy to disrupt the interac-
tion between urea and catalyst sites in the Stern layer by intro-
ducing other molecules or ions in the electrolyte, such as
phosphate ions, which would effectively inhibit the UOR perfor-
mance [55]. However, results of our DFT calculations suggested
that extra care should be taken when employing the adsorption
energy as activity descriptor for UOR, since all NiO, NiOOH and
Fe,03; demonstrated similar values for adsorption energies of
urea molecules on their surfaces.

Indeed, the electrochemical processes occurring on the solid-
liquid interfaces during urea electro-oxidation is very complicated,
because 6 consecutive PCETs could be involved in the presence of
OH~ groups. The complete decomposition of urea molecules
involves the specific adsorption at reactive sites, stepwise deproto-
nation by OH-, and N—N bond formation, which are intrinsically
regulated by interactions between urea and the solid oxide cata-
lysts. It’s therefore anticipated that the initial coordination and
configuration of adsorbed urea molecules should impose large
influences on the thermodynamics and kinetics of the following
steps. In addition to urea molecules, the adsorption of hydroxide
groups is another competitive process involved on catalyst surface,
which not only participates in the following deprotonation process
but also further affects the urea-catalyst interactions on catalyst
surface [56]. It’s reported that due to the presence of the hydroxide
in NiOOH, a bridging coordination was proposed for the adsorption
of urea on NiOOH surface [56]. This is considered similar to urease
oxidation of urea where the Ni atoms of urease interact with N and
O of urea, while the bridging oxygen of urease interacts with the
carbon atom of urea [57].
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4. Conclusions

In summary, we employed three transition metal oxides as
model catalysts to investigate the fundamental electrocatalytic
behaviors towards OER and UOR in alkaline media. Both CV and
EIS studies proved that all catalysts can catalyze the oxidation of
urea with a rank of NiO > Co304 > Fe,0s;. Among these oxides,
NiO demonstrated an abnormal high catalytic activity towards
UOR. Elevated working potentials higher than 1.6 V vs. RHE would
inevitably introduce more water oxidation on these catalysts.
Operando electrochemical Raman spectroscopy was employed to
understand the surface structure evolution, and capture the inter-
mediates formed during UOR. As a result, we identified the forma-
tion of Ni (oxy)hydroxide on NiO surface, which should be
responsible for the high catalytic activity of UOR. On the other
hands, neither Co;04 or Fe,03 leads to the formation of such
(oxy)hydroxide layers during UOR in our study. DFT calculations
on the adsorption energy of urea molecules on NiO, Co304, Fe;03,
NiOOH, CoOOH and FeOOH, further revealed that there could be
a large dependence on the regulations of the space configuration
of adsorbed urea molecules. In other words, the simple calculation
by adsorption energy may not be a good activity descriptor for
UOR, although this has been widely used in evaluating the catalyst
activity in many previous literatures. Overall, results of this work
provide mechanistic insights into the competitive oxidative pro-
cesses on the solid-liquid interface during urea oxidation. With
continued development and research focused on improving the
activity and selectivity, electrolytic urea oxidation represents an
attractive strategy for sustainably treating source-separated urine.
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