PP catalysts

Article

In Situ Transition of a Nickel Metal-Organic Framework on
TiO; Photoanode towards Urea Photoelectrolysis

Jie Ren, Pingping Yang *, Liuliu Wang, Hongyu Chen, Xingyu Lu, Qing Yang, Li Zou, Cheng Huang

and Jiale Xie *

check for
updates

Citation: Ren, J.; Yang, P.; Wang, L.;
Chen, H; Lu, X.; Yang, Q.; Zou, L.;
Huang, C.; Xie, J. In Situ Transition of
a Nickel Metal-Organic Framework
on TiO, Photoanode towards Urea
Photoelectrolysis. Catalysts 2023, 13,
727. https://doi.org/10.3390/
catal13040727

Academic Editor: Carolina Belver

Received: 30 March 2023
Revised: 8 April 2023

Accepted: 10 April 2023
Published: 12 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of New Energy and Materials, Southwest Petroleum University, Chengdu 610500, China;
202022000549@stu.swpu.edu.cn (J.R.); 201922000037@stu.swpu.edu.cn (L.W.);
201931051258@stu.swpu.edu.cn (H.C.); 202021001046@stu.swpu.edu.cn (X.L.);
202022000538@stu.swpu.edu.cn (Q.Y.); 202121001091@stu.swpu.edu.cn (L.Z.); huangc@swpu.edu.cn (C.H.)
* Correspondence: pingpingyang@swpu.edu.cn (P.Y.); jialexie@swpu.edu.cn (J.X.)

Abstract: Photoelectrochemical (PEC) urea splitting is of great significance for urea wastewater reme-
diation and hydrogen production with low energy consumption simultaneously. Nickel hydroxides
as electrocatalysts have been widely investigated for urea electrolysis. However, it is an open question
how to synthesize highly catalytic Ni(OH), for the PEC urea splitting. Herein, we take advantage
of the instability of metal-organic frameworks (MOFs) to perform an in situ synthesis of Ni(OH),
catalysts on the surface of TiO; nanorod arrays. This transformed Ni(OH), (T-Ni(OH),) possesses a
superior PEC catalytic activity for water/urea splitting in comparison to the Ni(OH), prepared by the
impregnation method. The in situ transition of a Ni-MOF is accomplished through an electrochemical
treatment under AM1.5G illumination in a KOH-and-urea mixed electrolyte. The specific transition
mechanism of Ni-MOFs is the substitution of ligands with OH™ in a 1 M KOH electrolyte and the
successive phase transition. The T-Ni(OH),@TiO, photoanode delivers a high photocurrent density of
1.22 mA cm 2 at 1.23 Vgyg, which is 4.7 times that of Ni(OH),@TiO, prepared with the impregnation
method. The onset potential of T-Ni(OH),@TiO; is negatively shifted by 118 mV in comparison to
TiO,. Moreover, the decline of photocurrent during the continuous test can be recovered after the
electrochemical and light treatments.

Keywords: photoelectrochemical urea splitting; urea oxidation reaction; titanium dioxide;

metal-organic framework; in situ transition

1. Introduction

Green hydrogen production is the foundation of a future hydrogen society. Photo-
electrochemical (PEC) water splitting is one of the promising technologies for hydrogen
production through the utilization of sustainable solar energy [1,2]. However, the sluggish
kinetics of the oxygen evolution reaction (OER) greatly restrict the real solar-to-hydrogen
(STH) efficiency and the practical applications of PEC technology [3,4]. To reduce the over-
potential of OER, urea oxidation reaction (UOR) with a theoretical potential of 0.37 Vryg
has been chosen to replace the OER reactions on the photoanodes [5] The need of the
electric energy consumption of urea electrolysis can also be reduced when PEC urea split-
ting is used. In addition, the urea wastewater can be remediated simultaneously. If not,
the toxic ammonia, nitrates, nitrites, or nitrogen oxides can be released from urea natu-
rally [6]. Electrochemical technology has been used as a next-generation technology for the
removal of organic and inorganic contaminants in the wastewater [7,8]. Urease is the most
efficient enzyme for UOR, which contains a dinuclear Ni(Il) cluster as the active site [9].
Therefore, nickel-based compounds are the most reported catalysts for urea electrolysis,
especially nickel hydroxide [5]. Generally, NiOOH formed from the oxidation of Ni(OH),
is recognized as the true active site for UOR [10,11]. Among nickel-based catalysts, nickel
metal-organic frameworks (MOFs) are one type of promising UOR catalysts. MOFs have
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well-developed porous structures and tunable chemical properties, which can be used
directly or indirectly (e.g., MOF derivatives) [5,12].

The first reported Ni-MOF (Ni-BDC, BDC = 1,4-benzenedicarboxylic acid) with a
nanosheet morphology shows a high UOR activity [13]. The improvements were attributed
to the high oxidation states of nickel species in the Ni-MOF and the large surface area of
2D nanostructure. Another Ni-MOF (Ni-BTC, BTC = 1,3,5-benzenetricarboxylic acid) also
shows better activity when compared to the wet chemically prepared NiO [14]. Doping of
MOFs has been found as an efficient approach for improving the electrocatalytic activity
of MOFs. Ir doping demonstrated that it can further increase the electrochemical active
area, accelerate the charge transport capability, and improve the stability of a Ni-MOF
(Ni-BDC-TED, TED = triethylenediamine) for urea electrolysis [15]. Fe doping can cause the
electronic structure reconstruction in a Ni-MOF (Ni-BDC), which induces the high-valence
Ni formation and more electronic states, benefiting the UOR kinetics [16]. Furthermore, the
highly electronegative ferrocenecarboxylic acid (Fc) was also used to tailor the electronic
structure of NiCo-BDC and expose more unsaturated active sites [17]. In addition, the
morphology tailoring study of MOFs suggests the Ni-MOF nanowires possess the highest
electrocatalytic activity among nanowires, neurons, and urchins [18]. The 1D nanowires
possess more accessible active sites, lower charge transport resistance, and the fast/direct
electron transfer. Moreover, some Ni-MOF derivatives, such as nickel nitride [19], Ni-Fe
Prussian blue analogue [20], NiCo-BDC nanosheets coated with amorphous Ni-5 [21], and
Ru-modified NiFe-MOF [22], were developed for urea electrolysis. Although the above
works have achieved great progress in urea electrolysis, there is still no MOF cocatalyst
investigated for the PEC urea splitting. The requirements for catalysts in the PEC urea
splitting are entirely different from those in the urea electrolysis. Therefore, there is a
challenge to develop one highly efficient MOF-based /derived cocatalyst for the PEC urea
splitting.

In this work, we synthesized a Ni-MOF (Ni-BDC) on the surface of TiO, nanorod
arrays through the chemical bath deposition method. We discovered that the Ni-MOF
experiences an in situ transition from a MOF to B-Ni(OH), during the electrochemical
and light treatments. It was labeled as T-Ni(OH),. The specific transition mechanism
was revealed in detail. The in situ-formed Ni(OH), exhibits superior performance for
the PEC urea splitting. More importantly, the decline of photocurrent during continuous
test can be recovered after the electrochemical and light treatments. Specifically, the T-
Ni(OH),@TiO; composite photoanode delivers a high urea splitting photocurrent density
of 1.22 mA ecm~2 at 1.23 Vgyg, which is 4.7 times that of Ni(OH),@TiO, prepared with
the impregnation method. The onset potential of T-Ni(OH),@TiO; is negatively shifted by
118 mV in comparison to TiO,.

2. Results and Discussion
2.1. Preparation of Ni(OH),@TiO, and T-Ni(OH),@TiO; Film

One-dimensional TiO, nanorod arrays were prepared through the reported hydrother-
mal method [23]. The rutile crystal structure of as-prepared TiO, was identified with X-ray
diffractometer (XRD) and Raman as shown in Figure S1. The XRD peaks located at 35.1°,
40.2°, 54.5°, 61.9°, 68.0°, and 67.0° can be attributed to the tetragonal-rutile-phase TiO,
(JCPDS No. 21-1276). The (101) plane is the highest intense peak, indicating the growth
of TiO, nanorods in the (001) direction. This result is consistent with that reported for
TiO; nanorods previously [24]. For Raman spectroscopy, three characteristic Raman active
modes of rutile TiO; with symmetries Big, Eg, and Ajg were observed at 143, 443, and
607 cm ™!, respectively. These characteristic vibrational frequencies and their intensity ratios
confirmed the phase of pure rutile TiO; [25]. In addition, the multiple phonon scattering
processes can be observed at 231 cm~!. The XRD and Raman results confirm the successful
synthesis of rutile TiO,. The scanning electron microscope (SEM) image of as-prepared
TiO, films clearly demonstrates the structure of nanorod arrays in Figure Slc.
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A Ni-MOF (Molecular formula: [Niz(OH),(CgH4O4)2(Hp0)4]-2H,0) was synthesized
via the chemical bath deposition (CBD) method [13]. The synthesis conditions were opti-
mized firstly, and the results are shown in Figure S2. The stirring-assisted CBD-method-
fabricated Ni-MOF@TiO; photoanode shows a higher photocurrent density and a larger
photovoltage as shown in Figure S2a,b. Considering the decay behavior of the photovolt-
age under dark, the stirring-assisted CBD-method-prepared photoanodes possess slow
charge transfer and recombination kinetics [26]. Furthermore, the temperature of 100 °C
and reaction time of 180 min were used for performing the synthesis of Ni-MOF. Note
that the high temperature and long time would induce the rapid evaporation of water
in the precursor solution. After the electrochemical and AM1.5G light illumination (EL)
treatments, the morphology of T-Ni(OH),@TiO, was characterized with SEM as shown in
Figure 1a,b. The surface of TiO, film is partially covered with gauze-like T-Ni(OH);,. The
gauze-like morphology of T-Ni(OH); is similar to the sheet morphology of the Ni-MOF in
Figure S3, proving that the T-Ni(OH), transformed by the EL treatment can still maintain
the Ni-MOF structure [13]. The formation of a two-dimensional gauze-like structure may
be due to the layered crystal structure of Ni-MOF, in which the nickel octahedra layers are
connected with the linkers of terephthalic acid (see the inset of Figure 6a) [27]. In addition,
the energy dispersive spectroscopy (EDS) mapping and the pattern of T-Ni(OH),@TiO,
(Figures 54 and S5) illustrate that the distribution of Ni and O elements is consistent with
the SEM morphology. The atomic ratio of Ni/Ti is around 0.56%. The SEM image of TiO,
modified with Ni(OH), by the impregnation method is shown in Figure S6 as a control.

Figure 1. (a,b) Top-view SEM images of T-Ni(OH),@TiO, films. T-Ni(OH), overlayer is indicated
by arrows.

2.2. PEC UOR Performances of T-Ni(OH),@TiO,

TiO,, Ni(OH),@TiO;, and T-Ni(OH),@TiO, were prepared to investigate the PEC
performance for UOR in 1 M KOH/0.33 M urea electrolyte. As shown in Figure 2a, the
urea splitting photocurrent density (Jph,urea) of T-Ni(OH),@TiO, reaches 1.22 mA cm 2 at
1.23 Vryg, which is 6.2 times and 4.7 times that of TiO, and Ni(OH),@TiO;, respectively.
The photocurrent improvement is superior in comparison with the reported Ni(OH),-
modified and hydrogen-reduced TiO, photoanodes [28]. Due to the unimproved light
absorption of T-Ni(OH),@TiO, (Figure S7), the boost of Jup urea cannot be attributed to
the enhanced photogenerated charges. Moreover, the cyclic voltammetry (CV) curves of
T-Ni(OH),@TiO; and Ni-MOF@TiO, photoanodes were measured and shown in Figure S8.
T-Ni(OH),@TiO; also exhibits a significant improvement of photocurrent in comparison
with the as-prepared Ni-MOF@TiO,. In Figure 2a, the onset potential of T-Ni(OH),@TiO,
(197 mVRyg) is negatively shifted by 118 mV in comparison to TiO; (315 mVgyg). For
Ni(OH),@TiO;, a great increase in current density at around 1.4 Vryg should be ascribed to
the Ni?* /Ni®* transition and the electrocatalytic urea oxidation [28]. The chopping j-t curve
is shown in Figure 2b, which indicates the fast response when the light turns on/off. There
is no visible cathodic peak when the light is turned off, suggesting no hole accumulation
on the surface of TiOp-based photoanodes. The open-circuit potential of the TiOp-based
photoanodes under chopping conditions is shown in Figure 2c. T-Ni(OH),@TiO; achieves a
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large photovoltage of 0.44 V (OCPgarkx — OCPyignt), which is around 200 mV higher than that
of pristine TiO,. Furthermore, we tested the PEC stability of T-Ni(OH),@TiO; at 1.23 VRrug
under AM 1.5G illumination (Figure 2d—f). After the stability test of 0.5 h, the retention
rate of Jphurea is 70%. Interestingly, when T-Ni(OH),@TiO, was further subjected to the
EL treatment for another 0.5 h, the Jop, urea could recover to the level before the stability
test (Figure 2e). Then, we observed that this recovery procedure can be repeated at least
five times, as shown in Figure 2d,f. The long-term stability for 10 h is shown in Figure S9.
The retention rate of Jpp urea achieved after 10 h stability test is around 35%. The activity
degradation should be mainly due to the photocorrosion [29] and the catalyst surface
poisoning by the adsorption of reaction intermediates, such as NCO™ [30] and CO; [31].
During the EL treatment, the adsorbed intermediates can be efficiently removed with the
evolution of hydrogen. Thus, the active sites can be regenerated after the EL treatment.
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Figure 2. (a) LSV curves of TiO,, Ni(OH),@TiO,, and T-Ni(OH),@TiO, in 1 M KOH/0.33 M urea at a
scan rate of 20 mV s~ 1. Dash line: dark. Solid line: AM1.5G illumination. (b) Chopped j-t curves
of TiO,-based photoanodes at 1.23 Vryg. (c¢) OCP of TiO;-based photoanodes under the chopped
light. (d) Stability test of T-Ni(OH),@TiO; in 1 M KOH/0.33 M urea at 1.23 Vryg. (e) LSV curves
of T-Ni(OH),@TiO, before and after 0.5 h stability test and 0.5 h EL treatment. (f) LSV curves of
T-Ni(OH),@TiO, before each cycle of the stability test and EL treatment.

For the OER catalyst of nickel oxyhydroxide, Fe impurities can significantly enhance
the electrochemical activity for OER [32]. Therefore, the effect of Fe impurities on the elec-
trolyte was further investigated. Inductively coupled plasma mass spectrometry (ICP-MS)
analysis of 1.0 M KOH shows the content of Fe at 5.84 ppb. The linear sweep voltammetry
(LSV) curves of T-Ni(OH),@TiO, with the EL treatment in normal and purified electrolytes
under AM 1.5G illumination and in the dark are shown in Figure S10. The experimental
results indicate that the trace impurities of Fe in the electrolyte cannot visibly influence the
PEC UOR performance.

The kinetics of T-Ni(OH),@TiO, were revealed through the charge separation/injection
efficiency (Msep /Minj) measurements and photoelectrochemical impedance spectroscopy
(PEIS). The LSV curves of TiO,, Ni(OH),@TiO,, and T-Ni(OH),@TiO; measured in the 1 M
KOH/0.33 M urea with/without the sacrificial reagent are shown in Figure S11. The ngep
and njy;j values were calculated using the following equations:

Ninj= ]urea/]NazSO3 1)

Nsep= INays05 /Jabs ()



Catalysts 2023, 13, 727

5o0f 14

where Jyrea is the measured photocurrent density in 1 M KOH/0.33 M urea, Jna,s0, is the
measured photocurrent density in 1 M KOH/0.33 M urea/0.5 M NaySO3, and J s is the
rate of photon absorption expressed as a current density, which is calculated assuming
100% absorbed photon-to-current efficiency. Here, J,ps ~2.10 mA cm~? is calculated from
Figure S7. The T-Ni(OH),@TiO, photoanode exhibits a significantly higher nsep (42.96%
vs. 15.37% of TiO,, 1.23 Vgryg). The niyj value of T-Ni(OH),@TiO; is about 100%, which is
considerably higher than that of TiO; (84.53%). Although Ni(OH); is an effective cocatalyst,
an EL-treated Ni-MOF is more favorable as a UOR cocatalyst. A significant difference
for Ni(OH),@TiO, at the potential range of 1.4-1.6 Vryg can be observed. This can be
attributed to the significantly electrocatalytic behaviors of Ni(OH),@TiO; as shown in
Figure 2a. Figure 3c illustrates the Nyquist plots of TiO,-based photoanodes. The PEIS
spectra were fitted with two equivalent circuits as shown in the inset of Figure 3c. One
equivalent circuit consisting of one RC circuit is used for PEIS fitting of pristine TiO,,
in which Rt represents the charge transfer resistance, and CPE; represents the surface
trapping constant-phase element (CPE). One equivalent circuit consisting of two RC circuits
is used for PEIS fitting of Ni(OH),@TiO; and T-Ni(OH),@TiO, photoanodes. Ry and
CPE,, ik represent the bulk trapping resistance and bulk CPE, respectively. The fitting
parameters are shown in Table S1. After the Ni species coating, the Rt greatly decreases
to 28.54 kO (Ni(OH),@TiO;) and 15.58 kQ) (T-Ni(OH),@TiO;) from 45.37 k) (TiO,). The
Rpuik of T-Ni(OH),@TiO, (569.90 )) is far lower than that of Ni(OH),@TiO, (1727.00 Q).
These PEIS results indicate that the Ni species derived from the Ni-MOF has a better
improvement for PEC UOR kinetics. In addition, we measured the Mott-Schottky (MS)
plots of TiO,, Ni(OH),@TiO,, and T-Ni(OH),@TiO, in the dark at a fixed frequency of
1000 Hz (Figure S12). All photoanodes exhibit a positive slope, indicating the typical n-type
characteristic of the measured electrodes. Ni(OH),@TiO, and T-Ni(OH),@TiO, show a
close slope (~4.2 x 10'® cm* F~2 V1), suggesting a similar electron density of these two
photoanodes. The flat-band potential of T-Ni(OH),@TiO, shows a great positive shift of
~200 mV. This should be attributed to the electrochemical treatment of TiO,. The previously
reported results of treated TiO; can well support the above deduction [33].
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Figure 3. (a) Bulk charge separation efficiency and (b) surface charge injection efficiency plots
of TiO,, Ni(OH),@TiO,, and T-Ni(OH),@TiO,. (c) Nyquist plots of TiO,, Ni(OH),@TiO,, and T-
Ni(OH),@TiO, photoanodes at 0.8 Vryg in 1 M KOH/0.33 M urea under AM 1.5G illumination.
Inset: equivalent circuit for PEIS fitting. Solid line: fitting plot.

2.3. In Situ-Transition Mechanism of Ni-MOF

Transmission electron microscope (TEM) characterizations were used to observe the
micro-structure and transition of the Ni-MOF after the EL treatment. The TEM results
are shown in Figure 4a—g. The top of TiO, nanorods coated with T-Ni(OH), can be
observed clearly in Figure 4a. In Figure 4b, the TiO, nanorod and T-Ni(OH), form a
heterojunction. The high-resolution TEM image of the interface of TiO, / T-Ni(OH), marked
with yellow square in Figure 4b is shown in Figure 4c. We measured the interspacing of
lattice striping in three zones in Figure 4c, and the results are shown in Figure 4d—f. MOFs
are the electron beam-sensitive crystalline materials, and their high-resolution imaging
is still challenging to date [34]. Therefore, the interspacing of 0.25 and 0.21 nm can be
attributed to the (100) and (101) directions of 3-Ni(OH), (JCPDS No. 14-0117), respectively.
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The interspacing difference can be attributed to the imperfect transition of Ni-MOF. The
formation of Ni(OH), powerfully demonstrates the in situ transition of the Ni-MOF occurs
during the EL treatment. Moreover, the EL treatment also induces the formation of a
disordered surface layer on TiO, nanorods (Figure 4g), which is consistent with the reported
results [35].

Figure 4. (a,b) Low-magnification TEM images of T-Ni(OH),@TiO,. (c—f) High-magnification TEM
images of T-Ni(OH),@TiO,. (g) TEM image of T-Ni(OH),@TiO, in the region of bare TiO5.

To study the influence of the EL treatment, we firstly subjected the TiO, films to
the electrochemical treatment (short as E) and EL treatment. As shown in Figure 5a, the
EL-treated TiO, photoanode exhibits a higher photocurrent density. Therefore, the EL
treatment is utilized in this work. Furthermore, both treated and untreated TiO, show
no obvious photocurrent for urea splitting, as illustrated in Figure 5b. This suggests that
there is no visible catalytic ability of TiO, photoanodes towards urea oxidation reactions.
When T-Ni(OH); is coated on the surface of TiO, films, the photocurrent contribution for
urea splitting can be observed as in Figure 5c. This indicates the role of T-Ni(OH), in this
composite photoanode as a cocatalyst for urea splitting. Then various times were used
to treat the TiO, and T-Ni(OH),@TiO, photoanodes, following the EL way. The trends of
the photocurrent increment A(Johxh — Jph,on), the onset potential shift A(Vonon — Vonxh),
and the photocurrent contribution of urea splitting (A(Jph,urea — Jpn)) are displayed in
Figure 5d—f, respectively. Both TiO, and T-Ni(OH),@TiO, photoanodes show a gradual
improvement of A(Johxh — Jphon), suggesting the effectiveness of the EL treatment. At
6 h, the T-Ni(OH),@TiO; photoanode delivers the highest photocurrent density. Thus, 6 h
was used to prepare the EL-treated photoanodes. A similar trend of A(Vnon — Vonxh)
is observed in Figure 5e. However, the shift of TiO, is remarkably greater than that of
T-Ni(OH),@TiO,. This indicates that TiO, has been influenced mostly, not the Ni(OH);
layer. At last, we compared the difference in photocurrent density of 1 M KOH and 1 M
KOH/0.33 M urea electrolytes. As shown in Figure 5f, the Ni-MOF modification and the EL
treatment can truly boost the urea splitting (A(ph,urea — Jpn))- However, the EL treatment
may be harmful for TiO, photoanode when prolonging the time of the EL treatment. The
corresponding LSV curves of the above photoanodes in different electrolytes are shown in
Figures S13 and S14. In addition, we compared the LSV curves of untreated and EL-treated
Ni(OH),@TiO, photoanodes as shown in Figure 515. Though the improvement of photocur-
rent density is observed after a 6 h EL treatment, the increment value of A(Jphxh — Jpn,on) i8
0.30 mA cm 2. This value is significantly lower than that of T-Ni(OH),@TiO, photoanodes
after a 6 h EL treatment.
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Figure 5. (a) LSV curves of TiO, photoanodes subjected to 1 h E and 1 h EL treatments. (b) LSV curves
of TiO, photoanodes with/without 6 h EL treatment measured in 1 M KOH or 1 M KOH/0.33 M urea.
(c) LSV curves of T-Ni(OH),@TiO, photoanodes with/without 6 h EL treatment measured in 1 M
KOH or 1 M KOH/0.33 M urea. (d) The increment of photocurrent density (A(Jpnxh — Jph,on)) of TiO2
and T-Ni(OH),@TiO, photoanodes. (e) The negative shift of the onset potential (A(Vyn,0n — Vonxh))
of TiO; and T-Ni(OH),@TiO; photoanodes. (f) The difference values of the urea splitting J,p, urea and
water splitting J,i (A(Jph,urea — Jpn)). Scan rate: 20 mV s~ 1. Illumination: AM 1.5 G illumination.

To reveal the mechanism of the EL treatment, we firstly measured the electrochemically
active surface area (ECSA) of TiO, and T-Ni(OH),@TiO, photoanodes with/withouta 6 h
EL treatment in 1 M KOH/0.33 M urea electrolyte. The potential window is 0.58-0.68 VRryg.
As shown in Figure S16, the slope is equivalent to twice the double layer capacitance.
Therefore, the unchanged slope after the EL treatment indicates that the factor of the ECSA
improvement can be ruled out. To study the transition mechanism of the Ni-MOF during
the EL processes, we collected the Ni-MOF powder during the electrode preparation and
treated the powder with 1 M KOH and AM 1.5G illumination. The XRD patterns of the
pristine and treated Ni-MOF powder are shown in Figure 6a,b. The as-prepared Ni-MOF
shows a consistent result with the calculated XRD pattern (Figure 6a), suggesting the perfect
crystal structure of the Ni-MOF synthesized in this work. The used crystal structure of
the Ni-MOF for the XRD pattern calculation is shown in the inset of Figure 6a. The XRD
pattern of the Ni-MOF treated with light illumination does not produce a new phase. This
indicates that there is no influence on the Ni-MOF under the light illumination. However,
a significant phase transition of the Ni-MOF treated in a KOH solution can be observed
as shown in Figure 6b. The XRD pattern can be well-attributed to 3-Ni(OH), (JCPDS No.
14-0117), which is consistent with the results of the TEM characterizations. The wide XRD
peaks suggest that the size of 3-Ni(OH), particles is small. The size estimated from the peak
of 38.35° is 3.58 nm. The crystal structure of 3-Ni(OH); is shown in the inset of Figure 6b.
Considering the XRD results, we can deduce that a strong alkaline solution is one critical
factor for the transition of the Ni-MOF [36].



Catalysts 2023, 13, 727

8 of 14

(@) (b) -
- © . <
gz | @
< |2 '
= g ; > 2 -~ “ ‘ \
S = 5 = _— s H A /} \N‘w “\U Ni-MOF (Light)
Z & = i\ ' i- ig
g :l % |\ g I\ “U{)‘WJM M WLWW‘M
2 ‘ 7 1 As-prepared Ni-MOF 2 WAUVY
k= \ ﬁw k=
| ‘ ‘ J W MM Nl MOF (KOH)
J Caleulated | | JCPDS No. 14-0117
T T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
025 20 (°) 20 (°)
©"> T3 oo 1@ T oran
- Ni-MOF@TiO, Ni-MOF@TiO,
0.20 - ‘ 0.05 - N
g = g 0.00
E 0.159 100 E
E z -0.05 4
N Z
5 0.10 A 5 } Substitution ofhgands
° S .0.10
B 5
=]
5 0.05 - 3 s 4 i §
@
000 . Ni-MOF ("* Phase &
: 0204 N (OH),(C4H,0,),(H,0),]- 2H,0 > Ni(OH),
T T T T T T T T T T T T T T T T

12 13 1.4 15 1.6 17 18 00 02 04 06 08 10 12 14 16 18
Potential (V vs. RHE) Potential (V vs. RHE)

Figure 6. (a) Calculated and experimental XRD patterns of as-prepared Ni-MOF powder. Inset:
crystal structure of Ni-MOF. (b) XRD of Ni-MOF powder treated under AM 1.5G illumination and
in the 1 M KOH/0.33 M urea solution. Inset: crystal structure of B-Ni(OH),. (¢,d) CV curves of
Ni-MOF@TiO, electrode measured in the electrolyte of 1 M KOH/0.33 M urea and in the dark. Scan
rate: 100 mV s~ 1. Inset of (d): probable transition mechanism of Ni-MOF.

Furthermore, we measured the CV curves of Ni-MOF@TiO; electrode in the electrolyte
of 1 M KOH/0.33 M urea and in the dark. The 100-cycle CV curves are shown in Figure 6c.
A recognizable oxidation peak can be observed, which can be attributed to the oxidation of
Ni?* /Ni** along with UOR located at ~1.52 Vryg [37]. The reduction peak at 1.33 Vryg
can be attributed to the transformation from Ni** to Ni?* species. Considering the large
difference in the peak current, it can be deduced that the reduction of Ni3+ /Ni?* is hard
to happen. The potential used for the EL treatment is 0.1 Vryg. As shown in Figure 6d,
this potential is a reduction environment on the surface of Ni-MOF@TiO,. To sum up, the
0.1 Vrug potential will mainly induce the reduction of TiO,, while the high concentration
of OH™ in 1 M KOH will lead to the in situ transition from the Ni-MOF to 3-Ni(OH),. The
in situ-transition mechanism is schematically shown in the inset of Figure 6d. The ligands
of the Ni-MOF will be substituted with OH" ions firstly. Then the phase transition will
happen. Eventually, 3-Ni(OH); is formed. This transition processes are consistent with the
transition of ZIF-67 during the electrochemical processes [34].

To clearly illustrate the role of the EL treatment, the energy level diagram of T-
Ni(OH),@TiO; is schematically shown in Figure 7a. At 0.1 Vgryg, the bending of TiO,
band edge becomes weaker in comparison with the equilibrium state (process 1). The
negative electrons will cause the reduction of TiO,, which is consistent with the reported
result [35]. Of course, the electrons may induce the gentle reduction of T-Ni(OH),. How-
ever, under AM1.5G illumination, the photogenerated holes in TiO; possess the oxidizing
ability (process 2), which would block the reduction of T-Ni(OH),. Therefore, there will be
no significant change (e.g., Ni>* — Ni’) in the valance state of Ni species. In addition, the
OH~ ions in KOH electrolyte can react with the Ni-MOF as shown in the inset of Figure 6d.
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At last, the in situ transition between the Ni-MOF and (3-Ni(OH), takes place on the surface
of T-Ni(OH),@TiO, photoanode.

(a) )| Ti2p

Equilibrium

Before EL

Intensity (a.u.)

TiO, T-Ni(OH), 1M KOH
After EL !
i
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Figure 7. (a) In situ-transition mechanism of Ni-MOF on the surface of T-Ni(OH),@TiO, under EL
treatment. Dash line: equilibrium state. Solid line: at the potential of 0.1 Vryg. (b) Ti 2p, (c) O 1s, and
(d) Ni 2p XPS spectra of T-Ni(OH),@TiO, before and after 6 h EL treatment.

The X-ray photoelectron spectroscopy (XPS) spectra of T-Ni(OH),@TiO, before and
after the EL treatment can powerfully support the above explanation (Figure 7b—d). The
spin-energy separation of Ti 2p and Ni 2p is 5.7 and 17.8 eV, respectively. These spin-energy
separations indicate the presence of Ti** and Ni?* [38]. After the EL treatment, Ti 2p35,
O, and Ni 2p3/, peaks are negatively shifted by 0.29, 0.27, and 0.44 eV, respectively. The
shift of Ti 2p suggests the presence of Ti®* (Ti** + e~ — Ti%*) due to the electrochemical
reduction [29]. In O 1s XPS spectra, the peak area of Ogy (chemisorbed hydroxyl group)
at 531.5 eV increases after the EL treatment, which demonstrates the formation of OH
groups on the surface of TiO, [33]. In addition, the peak of Oy (oxygen vacancy) located at
530.6 eV can be observed after the EL treatment [39]. This change confirms the generation
of oxygen vacancy. For Ni 2p XPS spectra, the spin-energy separation does not produce any
change after the EL treatment, which is consistent with the reported results for the Ni(OH),
and Ni-MOF [13]. The symmetric Ni 2p3,, peak of T-Ni(OH),@TiO, informs that there is
no visible presence of Ni>* after the EL treatment. Ni?* is partially reduced to Ni?=%*.
These characteristics indicate that the critical treatment of T-Ni(OH),@TiO, photoanode
is the electrochemical treatment with electrons, not the photogenerated holes. The later
can stabilize the +2 chemical state of Ni species in T-Ni(OH), layer, which can ensure the
highly electrochemical activity of T-Ni(OH),@TiO, for UOR reaction [40]. As a control, Ni
2p XPS spectrum of Ni(OH),@TiO, shown in Figure S17 exhibits a slightly lower binding
energy than that of T-Ni(OH),@TiO;. This suggests that the Ni(OH), transformed from the
Ni-MOF possesses a high oxidation state facilitating the urea oxidation reactions.
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3. Materials and Methods
3.1. Materials

All chemicals and solvents were commercially available and used without further
purification. Nickel (II) nitrate hexahydrate (NiCly-6H,0O), nickel nitrate hexahydrate
(Ni(NO3),-6H,0), 1,4-benzenedicarboxylic acid (BDC), triethylamine (TEA), N, N-dimethy-
lformamide (DMF), urea (Co(NHy),), sodium sulfite (Nap;SOs3), and potassium hydroxide
(KOH) were purchased from Aladdin chemical company. Ethanol (Co;H5OH) was analytical
pure and purchased from a commercial supplier. Milli-Q water with a resistance of 18.2 M(}
was used for all experiments.

3.2. Preparation of TiO, Photoanodes

TiO, nanorod arrays were grown on FTO glasses by the hydrothermal method as
had been previously reported [23]. TiO, NRs thin films were grown on FTO glass by
hydrothermal method. The FTO glass was ultrasonically cleaned successively with acetone,
ethanol, and deionized (DI) water for 15 min, and then dried with a N, flow. We slowly
poured 20 mL of concentrated hydrochloric acid (38%) into 20 mL of DI water and stirred
it well. Then, 0.668 mL of isopropyl titanate was added and thoroughly dissolved in the
mixture by stirring. The aforementioned mixture was then transferred to a Teflon-lined
stainless-steel autoclave (50 mL). We put the conductive side of the FTO conductive glass
into the inner tank to ensure that the FTO glass is fully immersed in the mixed solution. The
hydrothermal reaction was maintained at 180 °C for 3 h. After the reaction was completed,
the autoclave was cooled to room temperature, and the FTO substrate was taken out. It
was thoroughly rinsed with DI water, and then dried naturally at room temperature. In
this work, the annealing time was extended to 1 h.

3.3. Preparation of T-Ni(OH),@TiO; and Ni(OH),@TiO, Photoanodes

Ni-MOFs were grown on the surface of TiO, nanorod arrays by the chemical bath
deposition method. Typically, dimethylformamide (DMF, 32 mL), ethanol (2 mL), and
deionized water (DI H;O, 2 mL) were mixed together. Next, terephthalic acid (PTA,
0.075 mmol) and NiCl,-6H,0 (0.075 mmol) were added to the above solution. After stirring
until complete dissolution, 0.8 mL TEA was slowly added into the solution. Afterwards,
the TiO, photoanodes were immersed in the solution. The deposition process of Ni-MOFs
was performed at 100 °C for 3 h. During this process, the solution was magnetically stirred
at ~600-800 rpm min~!. After the synthesis of Ni-MOFs, the samples were rinsed with DI
H,0 and dried in the air naturally. Then Ni-MOF@TiO, was electrochemically treated in a
1.0 M KOH/0.33 M urea solution at 0.1 Vrygg under AM 1.5G illumination (short as EL). The
optimal processing time was 6 h. The obtained samples were labeled as T-Ni(OH),@TiO,.
In addition, Ni-MOF powder was collected from the precipitation in the solution after the
completed reaction for XRD characterizations.

Ni(OH),@TiO, photoanodes were fabricated as in the reported impregnation method [28].
TiO; electrodes were dipped into 0.1 M Ni(NO3), for 10 s, then blow-dried with compressed
Nj. The electrodes next were dipped into 1.0 M KOH for 10 s and blow-dried with Ny. Then
Ni(OH), would be formed in a one-dip coating cycle. Three cycles were used for preparation
of Ni(OH),@TiO,.

3.4. Material Characterizations

The crystal structure was measured with XRD (PX'Pert Pro MPD, ANalytical B.V.,
Breda, The Netherlands) with a Cu K radiation source (A = 1.5418 A). The morphol-
ogy of the as-prepared photoanodes was observed with SEM (Apreo 2C, Thermo Scien-
tific, Waltham, MA, USA). The EDS pattern and mapping were obtained with an energy-
dispersive spectrometer (ULTIM Max65, OXFORD, UK). The UV-vis absorption spectra
were measured from 300 to 800 nm using the Shimadzu UV 3600 Plus (JPN) UV-vis-NIR
spectrophotometer. XPS (XSAM-800, Kratos, Manchester, UK) was used to measure the
chemical states of elements. Raman spectrum of TiO; film was measured with an incident
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laser wavelength of 532 nm (Dxr2xi, Thermal Fisher, USA). The crystal structure of the EL-
treated T-Ni(OH),@TiO, was performed with TEM (Talos F200S, Thermo Scientific, USA).
ICP-MS measurement of 1.0 M KOH electrolyte was performed using Aglient 7700X (USA).

3.5. PEC Performance Measurements

Electrochemical workstation (CHI660E) was used for PEC performance-related tests.
The TiO,-based photoanodes were used as the working electrode, the Pt wire was used
as the counter electrode, and the Ag/AgCl electrode (3 M KCl) was used as the reference
electrode. The potential was converted to the RHE electrode using the following Equation:

ErnE = Epg/agct + Eag/agal +0.059 x pH, ©)

where EOAg saccl 18 0.197 V. AM1.5G illumination (CELHXF 300) with an intensity of

100 mW cm~2 was used during the PEC measurements. The light is incident from the
back of the photoanode. The electrolyte was a mixed solution of 1 M KOH and 0.33 M
urea. During the study of Fe impurities, the electrolyte of 1.0 M KOH was purified as in
the reported method [32]. The Ni/(Ni + Ti) ratio at the near surface of Ni(OH),@TiO, and
T-Ni(OH),@TiO, measured with XPS was 84.98% and 20.10%, respectively.

LSV tests were performed at a scan rate of 20 mV s~ 1. PEISs were recorded at 0.8 Vgug
with a 10 mV perturbation under AM 1.5G illumination. The frequency range is 0.1-10° Hz.
The PEIS plots were fitted with Z-View software. MS measurements were performed at a
fixed frequency of 1 kHz in the dark. To measure the nsep and niy; values, the electrolyte
used was a mixed aqueous solution of 1 M KOH/0.33 M urea and 0.5 M NaSOs.

4. Conclusions

In conclusion, one Ni-MOF cocatalyst was synthesized on the surface of TiO, nanorod
arrays for the PEC urea splitting. The in situ transition of the Ni-MOF during the EL treat-
ment was found, which induces the formation of 3-Ni(OH),. T-Ni(OH),@TiO, photoanode
delivers a high photocurrent density of 1.22 mA cm~2 at 1.23 Vgryg, which is 4.7 times
that of Ni(OH),@TiO, prepared with the impregnation method. The onset potential of
T-Ni(OH),@TiO; is negatively shifted by 118 mV in comparison to TiO,. The PEC per-
formance improvements can be attributed to the in situ-formed Ni(OH), cocatalyst, and
the electrochemical reduction of TiO,. The former serves as the effectively active sites,
which can be oxidized to the true active sites of NiOOH under the assistance of photogen-
erated holes. The later will induce the shallow states and promote the transfer of holes
between TiO, and T-Ni(OH),. After the EL treatments, the charge separation and injection
efficiencies are greatly boosted, even to near 100% injection efficiency. In addition, we
experimentally confirm the origin of the in situ transition from the Ni-MOF to Ni(OH),. A
strong alkaline solution with OH™ ions can replace the ligands of the Ni-MOF and lead
to the phase transition for Ni(OH), formation. This work applies to the chemical or/and
electrochemical instability of MOFs in the preparation of nickel hydroxide catalysts, which
provides a novel strategy for efficient PEC urea splitting.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ catal13040727/s1. Figure S1: (a) XRD pattern, (b) Raman spectrum,
and (c) SEM image of TiO; nanorod arrays film on FTO glass; Figure S2: (a) LSV curves and
(b) chopped OCP curves of Ni-MOF@TiO, prepared through CBD method with/without stirring,
(c) LSV curves of Ni-MOF@TiO; prepared at different temperatures, and (d) LSV curves of Ni-
MOF@TiO, prepared with various times; Figure S3: SEM image of Ni-MOF@TiO, film; Figure S4: EDS
mapping of T-Ni(OH),@TiO; film; Figure S5: EDS pattern of T-Ni(OH),@TiO; film on FTO glass;
Figure S6: Top-view SEM images of (a) pristine TiO, and (b) Ni(OH),@TiO, films; Figure S7: UV-vis
absorption and transmittance spectra of TiO; and T-Ni(OH),@TiO, with 6 h EL treatment; Figure
S8: CV curves of Ni-MOF@TiO, and T-Ni(OH),@TiO, photoanodes with 1 h EL treatments under
AM1.5G illumination and in the dark; Figure S9: Long-term stability of T-Ni(OH),@TiO, photoanode
at 1.23 Vyyg under AM1.5G illumination; Figure S10: (a) LSV curves of T-Ni(OH),@TiO, photoanode
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with 1 h EL treatment in purified electrolyte, (b) LSV curves of T-Ni(OH),@TiO, photoanode with
1 h EL treatment in normal electrolyte; Figure S11: LSV curves of TiO,, Ni(OH),@TiO,, and T-
Ni(OH),@TiO, photoanodes measured in 1 M KOH/0.33 M urea (Solid line) and 1 M KOH/0.33 M
urea containing 0.5 M NaySO3 (Dash line); Figure S12: MS plots of TiO;,, Ni(OH),@TiO;, and T-
Ni(OH),@TiO, photoanodes measured at a fixed frequency of 1000 Hz in the dark; Figure S13: (a) LSV
curves of TiO, after EL treatment with various times, (b) histogram of photocurrent density and
onset potential of the above TiO, photoanodes, (c) LSV curves of T-Ni(OH),@TiO, after EL treatment
with different times, and (d) histogram of photocurrent density and onset potential of the above T-
Ni(OH),@TiO; photoanodes; Figure S14: (a) LSV curves of TiO, after EL treatment with various times,
(b) histogram of photocurrent density and onset potential of the above TiO, photoanodes, (c) LSV
curves of T-Ni(OH,)@TiO; after EL treatment with different times, and (d) histogram of photocurrent
density and onset potential of the above T-Ni(OH,)@TiO, photoanodes; Figure S15: LSV curves of
Ni(OH),@TiO, photoanode with/without EL treatment of 6 h; electrolyte: 1 M KOH/0.33 M urea;
Figure S16: The relationship curves between the capacitance current and the scan rate of TiO,-based
photoanodes; Figure S17: Ni 2p XPS spectra of Ni-MOF@TiO,, T-Ni(OH),@TiO, and Ni(OH),@TiO;
Table S1: PEIS fitting parameters of TiO,, Ni(OH),@TiO, and T-Ni(OH),@TiO, photoanodes.
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