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Abstract

Hydrogen production from water splitting provides an effective method to alleviate the ever-growing global energy crisis.
In this work, delafossite CuGaO, (CGO) crystal was synthesized through hydrothermal routes with Cu(NO3),-3H,0 and
Ga(NO;);-xH,0 used as reactants. The addition of cetyltrimethylammonium bromide (CTAB) was found to play an important
role in modifying the morphology of CuGaO, (CGO-CTAB). With the addition of CTAB, the morphology of CGO-CTAB
samples changed from irregular flake to typical hexagonal sheet microstructure, with an average size of 1-2 pm and a thick-
ness of around 100 nm. Furthermore, the electrocatalytic activity of CGO-CTAB crystals for oxygen evolution reaction
(OER) was also studied and compared with that of CGO crystals. CGO-CTAB samples exhibited better activity than CGO.
An overpotential of 391.5 mV was shown to be able to generate a current density of 10 mA/cm?. The as-prepared samples
also demonstrate good stability for water oxidation and relatively fast OER kinetics with a Tafel slope of 56.4 mV/dec. This
work highlights the significant role of modification of CTAB surfactants in preparing CGO related crystals, and the introduc-
tion of CTAB was found to help to improve their electrocatalytic activity for OER.
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1 Introduction

To alleviate the global energy crisis and environmental pol-
lution, the development of clean energy storage and con-
version devices is required [1-3]. Water electrolysis is one
of the most important energy technologies for producing
clean hydrogen fuel [4, 5]. The oxygen evolution reaction
(OER) in water electrolysis is considered to be an important
semi reaction for carbon dioxide electro-reduction, metal-
air batteries, hydrogen production, and nitrogen electro-
reduction, because the slow OER significantly affects the
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overall reaction efficiency of water electrolysis [6-8]. Cur-
rently, noble metal oxides [9-11] (such as RuO, and IrO,)
are still efficient catalysts for OER. Nevertheless, both the
high cost of precious metals and the low catalytic efficiency
of the oxides hinder their application. Hence it is neces-
sary to develop efficient and earth abundant non-noble metal
OER catalysts.

In recent years, many oxide-based electrocatalysts for
water splitting, including transition metal oxides [12, 13],
hydroxides [14, 15], selenides [16, 17], and phosphates
[18, 19] have exhibited certain OER catalytic activities. A
new class of transition metal oxides, delafossite materials
(ABO,), have also shown great potential for electrocata-
lytic applications, such as CuFeO, [20]. CuCoO, [21-23],
CuMnO, [24]. Zhang et al. [25] have successfully custom-
ized the surface charge of silver delafossite AgCoO, by
adjusting the surface charge transfer state and transferring it
into an efficient OER catalyst. Compared with pure AgCoO,
(395 mV), and RuO, (369 mV) or IrO, (338 mV) catalysts,
AgCo0,/Ag catalysts need an overpotential of 271 mV to
reach a current density of 10 mA/cm?® Mao et al. [24] syn-
thesized CuMnO, powder by sol-gel method. The CuMnO,
working electrode showed a current density of 12.3 mA/cm?
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at 1600 r/min and 11.9 mA/cm? without rotation for OER. In
contrast to lots of work focusing on the application of p-type
ABO, oxides in water electrolysis, very few studies have
paid attention to CuGaO, (CGO) oxides. CGO is of great
potential in catalytic materials because of its ultra-high car-
rier mobility, appropriate bandgap (~2.0 eV), and excellent
long-term stability [26-28]. Ahmed and Mao [29] prepared
three different morphologies of CGO, namely nanoparti-
cles, submicron hexagons, and micron-sized particles, by a
hydrothermal method at 190 °C, a sono-chemical method at
850 °C, and a solid-state reaction at 1150 °C, respectively.
The CGO nanocrystals produce a current density of 23 mA/
cm? when the applied voltage is 0.6 V in 1 mol/L KOH
solution for OER. They also successfully synthesized CGO
nanoparticles at 850 °C by the sol-gel method [30]. The
current densities of CGO nanoparticles were found to be 15
and 18 mA/cm? for H, and O, generation, respectively, in
0.5 mol/L KOH solution.

Since 2015, our team has been working on the hydro-
thermal synthesis of oxides, and we have successfully syn-
thesized CuAlO, [31], CuCrO, [32, 33], CuFeO, [34, 35],
CuMnO, [36, 37], CuScO, [38], CuCoO, [21-23, 39, 40].
Du et al. [21] synthesized Ca doped CuCoO, via a simple
polyvinylpyrrolidone-assisted hydrothermal process, which
required an overpotential of 470 mV to achieve a current
density of 10 mA/cm? and a small Tafel slope of 96.5 mV/
dec in alkaline solution for OER. Deng et al. [38] synthe-
sized CuScO, by a hydrothermal method. The CuScO, parti-
cle-loaded foam nickel electrode requires an overpotential of
490 mV to provide a current density of 10 mA/cm? for OER.
In this work, we intend to study the influence of the water
oxidation performance of CGO with cetyltrimethylammo-
nium bromide (CTAB) used as a surfactant in hydrothermal
reaction. In detail, the effect of mineralizer on the synthesis
of CGO was studied by changing the amount of NaOH at
first, and then by adding a surfactant of CTAB to modify the
morphology and structure of CGO crystals. Finally, CGO
electrocatalyst with an excellent OER activity was obtained
as expected.

2 Experimental details
2.1 Materials synthesis

All the chemicals in the experiment were of analytical
grade and purchased from Sinopharm Chemical Reagent
Co., Ltd without further treatment. CGO is synthesized by
a one-step hydrothermal method, modified from our previ-
ous works [32, 33]. Usually, 10 mmol Cu(NO3),-3H,0 and
10 mmol Ga(NO3);-xH,O were dissolved in 70 mL deionized
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solution and 5 mL ethylene glycol. Different amounts of
NaOH (1.0, 2.0, 3.0 g NaOH), and surfactant (0, 1.8 g CTAB)
were added to the above solution and stirred evenly. Then the
solution was put into a 100 mL Teflon-lined autoclave and
reacted in an oven at 190 °C for 24 h. The obtained precipitate
was washed several times with ammonia, deionized water, and
absolute ethanol, and then dried at 70 °C for 4 h for further
characterization.

2.2 Structural characterization

The crystal structure of the prepared CGO samples was ana-
lyzed by X-ray diffraction (XRD, D8 Advance, Bruker). The
morphology, microstructure, and chemical composition of
CGO powders were observed by using field-emission scan-
ning electron microscopy (FESEM, S4800, Hitachi) coupled
with energy-dispersive X-ray spectroscopy (EDS). The sur-
face chemical states of CGO powders were analyzed by X-ray
photoelectron spectroscopy (XPS, Thermo Escalab 250Xi),
and the C 1s line (284.80 eV) corresponding to the surface
adventitious carbon (C—C line bond) was used as the reference
binding energy. The BET (Brunauer—-Emmett—Teller) specific
surface areas and porosity parameters of these CGO samples
were measured by N, adsorption—desorption isothermetry
(Micromeritics TriStar IT 3020 3.02).

2.3 Electrochemical measurements

The three electrode system was used for the electrochemical
performance test. The saturated calomel electrode and plati-
num wire were used as the reference electrode and counter
electrode, respectively, and 1 mol/L. KOH solution was used as
the electrolyte. The working electrode was prepared as follows.
Typically, 15 mg CGO powder was ultrasonically dispersed
in 500 pL water, 480 pL isopropanol, and 20 pL Nafion solu-
tion to prepare CGO suspension. The 20 pL. CGO suspension
was dripped on nickel foam (1 cm?) with a pipette gun and
then dried to obtain the working electrode, the loading mass of
CGO electrocatalyst was 0.30 mg/cm?. The same loading mass
of RuO, electrode, supported by nickel foam, was fabricated as
areference sample. The electrocatalytic performance of OER
was evaluated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and chronopotentiometry at
room temperature (~25 °C) using a CS2350H electrochemical
workstation (Wuhan Corrtest Instruments Corp., China). All
current density values were normalized relative to the geo-
metrical surface area of the working electrode. All CV curves
presented in this work were IR-corrected. The electrochemi-
cal data processing methods were based on previous works
[21-23].
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Table1  Details of the reaction conditions employed to synthesize CGO crystals

Sample Reactant Solvent EG/mL CTAB/mmol NaOH/g Temperature/°C
and time/h

No. 1 10 mmol Cu (NOj3), + 10 mmol Ga (NO3); 70 mL 5 0 1.0

No. 2 Deionized water 2.0 190 °C

No. 3 3.0 24h

No. 4 5 1.0

3 Results and discussion

In our previous reports [21, 37, 38, 41], the concentra-
tion of NaOH in the precursor solution was the key fac-
tor affecting the crystal growth of ABO, oxides during
hydrothermal synthesis. Using Cu(NO;),-3H,0 and
Ga(NO;);-xH,O as reactants, the amount of mineral-
izer NaOH (samples No. 1, No. 2, No. 3 in Table 1) was
adjusted to prepare CGO crystals. As shown in Fig. la,
when the amount of NaOH was 2 and 3 g, the majority
of the XRD diffraction peaks of the as-obtained product
matched well with CuO (JCPDS card No. 72-0629) and
Cu,0 (JCPDS card No. 77-1531) phases, and the other

intensity/a.u.

weak diffraction peaks could be indexed to CGO (JCPDS
card No. 77-2495). Fortunately, the pure phase of CGO
crystal was achieved when the addition amount of NaOH
was 1 g (denoted as CGO). In detail, the strong diffraction
peaks at 26 values of 15.5°, 31.2°, 36.4°, 40.8°, 55.7°,
62.3°, and 65.2° correspond to the (003), (006), (012),
(104), (018), (110), and (1010) planes of the CGO, respec-
tively, without any other impurities. The corresponding
SEM image (Fig. 1c) shows that the size of CGO crystals
is not uniform, ranging from 200 to 600 nm. The thickness
of CGO particles is also uneven, up to 120 nm. It is known
that the activity of the electrocatalyst is greatly influenced
by its morphology and active sites [42]. The smaller the
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Fig. 1 aand b XRD patterns and SEM images (¢ CGO, d CGO-CTAB) of CGO samples
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CGO particles are, the larger the specific surface area is,
and the more active sites are exposed. Generally, the sur-
factant used in the hydrothermal reaction can help to con-
trol the particle size and the morphology of the product.
By binding on the particle surface, surfactant molecules
create a barrier for crystals proximity and induce strong
spatial repulsion [43, 44]. To optimize the structure and
morphology of CGO, 5 mmol CTAB was added to improve
the reaction kinetics and reduce the agglomeration of CGO
particles (No. 4 in Table 1). XRD analysis in Fig. 1b con-
firms the formation of the CGO phase when 5 mmol CTAB
(denoted as CGO-CTAB) was added in hydrothermal

precursors. The CGO-CTAB samples (Fig. 1d) exhibit a
typical hexagonal morphology with a thickness of about
100 nm and a transverse size around 1-2 pm. After adding
the CTAB surfactant, the morphology and size of CGO
particles become more uniform.

In addition, the chemical composition of CGO-CTAB
samples was also studied. The SEM-EDS spectrum in
Fig. 2a shows that there are four elements (Cu, Ga, O, Pt)
in CGO-CTAB powders, of which Pt comes from plati-
num powder sprayed to enhance the conductivity of the
sample before the SEM test. The atomic ratio of Cu/Ga is
19.06:20.08 (1:1.05) for the CGO-CTAB samples, which is
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Fig. 2 a Elemental analysis report, b SEM image, c—e EDS elemental mappings, f N, adsorption—desorption, and g corresponding pore size dis-

tribution plots of CGO samples
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very consistent with the stoichiometric ratio. Figure 2c—e
suggests a uniform distribution of the Cu, Ga, and O ele-
ments in the CGO-CTAB nanoplates. The nitrogen adsorp-
tion—desorption isotherms of as-prepared CGO powders
are presented in Fig. 2f—g. The absorption isotherms of
CGO and CGO-CTAB samples showed typical type IV
adsorption isotherms and hysteresis rings, indicating the
existence of typical mesoporous structures [13, 45, 46].
CGO-CTAB samples showed a high specific surface area,
24.69 m*/g, which is larger than that of CGO (9.50 m*/g) in
this work and CuFeO, (11.38 m?/g) in Ref. [47]. The high
specific surface area of CGO-CTAB provides a large elec-
trode—electrolyte interface for the reactants and mesoporous
morphology can provide developed transportation channels
for water electrocatalytic reactants [46]. Besides, the pore
volume of CGO-CTAB (0.091 cm®/g) is larger than that of
CGO (0.023 cm?/g). The high porosity of catalysts is con-
ducive to the separation of reactants and products during the
OER process [48]. The pore size distribution of CGO-CTAB
is centered around 2 nm in the mesoporous range according
to the BJH models (Fig. 2 g), which is in favor of the escape

of newly generated oxygen gas molecules. These results
show that CGO-CTAB with a large number of mesopores
results in a large specific surface area and can provide more
catalytic active sites, thereby helping to improve their elec-
trocatalytic performance.

The chemical structures and surface chemical states of
the CGO and CGO-CTAB samples were further investigated
via XPS. Figure 3a exhibits typical signals of C 1s, O 1s, Cu
2p, and Ga 3d based on the XPS survey spectrum, indicat-
ing the presence of Cu, Ga, and O in CGO and CGO-CTAB
samples. As shown in Fig. 3b—d, the high resolution spectra
of Cu 2p, Ga 3d, and O 1s signals of CGO and CGO-CTAB
samples were obtained to study their chemical states. Fig-
ure 3b displays the two strong binding energy (BE) peaks
at around 932.6 and 952.4 eV which can be attributed to Cu
2p;5, and Cu 2p, ,, respectively, suggesting the existence of
monovalent copper cations (Cu*) in CGO and CGO-CTAB
[49-51]. This is consistent with our previous reports on
other delafossite oxides CuCoQO, [21], CuScO, [41], and
CuMnO, [37]. Figure 3c presents a high resolution Ga 3d
spectrum for the CGO and CGO-CTAB, which consists of
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Fig.3 XPS spectra of CGO and CGO-CTAB sample: a survey scan, b—d high-resolution scans for Cu 2p, Ga 3d, and O 1s
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two main broad peaks corresponding to Ga 3ds,, and Ga
3d,/, spin—orbit lines. The CGO and CGO-CTAB samples
have two prominent peaks at BE of 18.7 and 19.6 eV which
can be ascribed to the Ga 3ds,, and Ga 3d,,,, respectively,
indicating the presence of Ga>* chemical state [52, 53].
While the other peaks located at 23.3 eV of BE correspond
to the Ga-O bond [54, 55]. The high resolution spectra of
the O 1s spectrum (Fig. 3d) can be resolved into three peaks.
The peaks at 530.0 eV correspond to the O~ (lattice oxy-
gen) of the delafossite oxides (CGO and CGO-CTAB) [56,
57]. The BE at around 531.2 eV supports the -OH (oxygen
in a hydroxyl group) [58, 59], which is considered as the
highest active oxygen, able to improve the generation of

120

active species in the OER process [50]. The fitting peaks at
532.0 eV were assigned to the H,O (oxygen of physically
absorbed H,0 molecules) on CGO and CGO-CTAB samples
[60, 61].

The electrocatalytic activity of CGO for OER was evalu-
ated by CV in 1.0 mol/L KOH. Figure 4a shows the CV
curves of the two electrodes loaded with different CGO
powder and these two electrodes are expressed as Ni@
CGO, Ni@CGO-CTAB, respectively. For comparison,
the OER performances of the bare nickel foam (denoted
as bare Ni) and the nickel foam loaded with commercial
RuO, powder (denoted as Ni@RuO,) were also tested. The
corresponding overpotentials of these four electrodes at
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Fig.4 a CV curves; b overpotentials needed to deliver anodic current density of 10, 20, and 40 mA/cm?; and ¢ Tafel plots of bare Ni, Ni@RuO,,
Ni@CGO, and Ni@CGO-CTAB working electrodes; d Nyquist plots; e double-layer capacitance Cy and f chronopotentiometric curves of bare
Ni, Ni@CGO, and Ni@CGO-CTAB working electrodes; CV curves of g bare Ni, h Ni@CGO, and i Ni@CGO-CTAB working electrodes meas-
ured in 1.0 mol/L KOH in the non-Faradaic region with different scan rates from 20 to 100 mV/s. The inset in panel (d) shows the equivalent

circuit model for these CGO based electrodes
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different current densities were obtained from the reduction
branches of the CV curves as shown in Fig. 4b. As seen in
Table 2, the OER polarization curves of bare Ni achieved
a current density of 10 mA/cm? at a low overpotential of
448.6 mV. After loading with CGO powder, Ni@CGO and
Ni@CGO-CTAB exhibited overpotentials of 399.6 and
391.5 mV, respectively, while Ni@RuO, only required a
low overpotential of 312.5 mV. Compared with the bare
Ni (#,,=481.9 mV) and Ni@CGO (17,0=419.9 mV), Ni@
CGO-CTAB (77,0=408.9 mV) showed lower overpotentials
at 20 mA/cm?. To understand the underlying dynamics of
OER, Tafel analysis curves (Fig. 4c) were obtained by pro-
cessing partial reduction curves in CV. The Tafel slopes
of Ni@CGO and Ni@CGO-CTAB are 60.8 and 56.4 mV/
dec, respectively, which are much smaller than those of the
bare Ni (86.0 mV/dec) and Ni@RuO, (79.4 mV/dec). The
smaller the Tafel slope, the easier the oxygen evolution.
Thus, the reaction kinetics of Ni@CGO-CTAB is the best
and the electrocatalytic speed is the fastest. Moreover, the
overpotential and Tafel slope of the CGO-CTAB electrode
is lower than those of some other non-noble metal oxide
catalysts (shown in Table 2), for example, delafossite oxide
CuCoO, (17,o=440 mV, Tafel slope =92.8 mV/dec) [22],
AgCo0, (7,,=395 mV) [25], CGO nanocrystals (17,;=0.6 V
vs Ag/AgCl) [29], CGO micro-sized particles nanocrystals
(75=0.6 V vs Ag/AgCl) [29], CuCoO, (17,,=390 mV, Tafel
slope =70 mV/dec) [23], Ca doped CuCoO, (17,,=470 mV,
Tafel slope=96.5 mV/dec) [21], and CuScO, (17,,=470 mV,
Tafel slope=114 mV/dec) [38], or other perovskite electro-
catalysts LaNiOj; (17,,=550 mV, Tafel slope =148 mV/dec)
[62], LaNi, gsMg, 1505 (17,0=450 mV, Tafel slope =95 mV/
dec) [62], LaFeOj; (17,,=420 mV, Tafel slope =62 mV/dec)
[63].

During the OER process, the transport rate of ions and
charge is one of the important factors affecting the kinetics

of electrocatalysis. The EIS measurements were performed
in the frequency range of 20 mHz-200 kHz under a con-
stant potential of 1.60 V vs RHE. In the Nyquist diagram
(Fig. 4d), the intersection of the high-frequency range curve
and the real axis is the electrolyte resistance (R;), and the
diameter of the semicircle is the charge transfer resistance
(R.); the equivalent circuit is shown in the inset of Fig. 4d.
The R, values of the bare Ni (R,=1.3 Q), Ni@CGO (R,=1.5
), and Ni@CGO-CTAB (R,=1.3 Q) were similar. Further-
more, the bare Ni electrode had the largest charge transfer
resistance (R, =21.2 ), and the Ni@CGO-CTAB (R,=3.1
Q) and Ni@CGO (R, =4.7 Q) are smaller. Therefore, the
Ni@CGO-CTAB showed the fastest charge transfer rate in
the OER rate control step, which is conducive to the rapid
charge transfer between the KOH solution and electrode
interface. This result is consistent with the above analysis
result of overpotential and Tafel slope.

The electrochemical active surface area (ECSA) is
another important factor in the analysis of electrocatalytic
activity. ECSA is proportional to the electrochemical dou-
ble-layer capacitance (Cy) of the catalyst surface [1, 46,
64]. As shown in Fig. 4 g—i, at the same scanning speed the
CV curve area and current density of Ni@CGO-CTAB are
larger. The calculated Cy; value (Fig. 4e) of Ni@ CGO-CTAB
(2.1 mF/cm?) is higher than that of the original value Ni@
CGO (1.8 mF/cm?) and bare Ni (1.5 mF/cm?). The result is
in good agreement with BET results, which indicates that
CGO-CTAB has a larger effective electrochemical area with
more OER active sites.

Stability is another important index to evaluate the cata-
lytic performance of electrocatalyst since the stability of
the material can reflect its practical application value. As
shown in Fig. 4f, the stability of the material was tested for
18,000 s at a constant current density of 5 mA/cm?. The ini-
tial potentials of Ni@CGO and Ni@CGO-CTAB electrodes

Table2 OER activity of these CGO based electrodes in this work in comparison to that of other delafossite oxides as well as other perovskite

oxides OER catalysts recently reported in the literature

Electrodes No/mV 1o/mV 140/mV Tafel slope/ C,/(mF-cm™) R /Q Refs.
(mV-dec™)
Bare Ni 448.6 481.9 517.1 86.0 1.5 21.2 This work
Ni@CGO 399.6 419.9 442 60.8 1.8 4.7
Ni@CGO-CTAB 391.5 408.9 427.1 56.4 2.1 3.1
GC@CuCo0, 440 - - 92.8 2.5 65.4 [22]
GC@AgCoO, 395 - - - - - [25]
Ni@CuScO, 470 510 - 114 - - [38]
GC@CuCo0, 390 410 - 70 6.6 2.9 [23]
Ni@CuCoO, 470 - - 96.5 7.0 1.09 [21]
GC@LaNiO; 550 - - 148 - - [62]
GC@LaNiy gMgy 505 450 - - 95 - - (62]
GC@LaFeO, 420 - - 62 - - [63]
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were 1.61 and 1.59 V vs RHE, respectively, consistent with
the CV results (Fig. 4a). During the whole electrolysis pro-
cess, the potential of the bare Ni electrode did not increase
obviously (1.66 V vs RHE). However, the required potential
of both Ni@CGO and Ni@CGO-CTAB electrodes increased
about 35 mV. These two electrodes loaded with CGO pow-
der showed slight degradation, which may be related to the
detachment of CGO powder from foam nickel. The XRD
pattern in Fig. 5a of Ni@CGO-CTAB working electrode
after the stability test can be indexed to the pure phase Ni
(JCPDS card No. 87-0712). Due to the low loading mass,
there is no diffraction signal belonging to the CGO crystal.

Figure 5b exhibits the chemical composition of Ni@CGO-
CTAB after the stability test, confirming the coexistence
of Cu, Ga, O, K, and Ni, in which K comes from OER
electrolyte and Ni comes from nickel foam. After extended
OER electrolysis for durability test, the CGO-CTAB sample
(Fig. 5c, d) retains a typical hexagonal nanosheet morphol-
ogy. EDS mapping results in Fig. Se-h indicates that the
Cu, Ga, O, and Ni elements are distributed uniformly in the
sample. It is noteworthy that the above results indicate that
the changes of morphology and chemical composition of
CGO-CTAB in the water oxidation process can be ignored,
even after an extended OER electrolysis for 18,000 s.

intensity/a.u.

Ni@CGO-CTAB |

#87-0712(Ni) |

20 40 60 80

®

(@

Cu
O Ga

Cu
Ga

Cu

2 4 6 8 10

energy/keV

(h)

Fig.5 a XRD pattern; b EDS spectrum result; ¢ and d SEM images; and elemental mappings (e Cu; f Ga; g O; h Ni) of Ni@CGO-CTAB work-

ing electrode after long-term stability test for 5 h under OER condition
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4 Conclusions

In summary, CuGaO, (CGO) crystals with a uniform size
were obtained by a hydrothermal reaction at 190 °C for 24 h,
and were prepared with Cu(NO3),, Ga(NO;);, NaOH, and
cetyltrimethylammonium bromide as reactants. The intro-
duction of CTAB not only modified the morphology and
surface states through the interaction between surfactant and
CGO microstructure but also affected the electrocatalytic
activity of OER. Compared with CGO samples without sur-
factant, CGO-CTAB samples demonstrated a more uniform
size (transverse size 1-2 um, thickness ~ 100 nm), larger spe-
cific surface area (24.69 m%/g), and higher OER catalytic
activity (a lower overpotential of 391.5 mV at 10 mA/cm?
and a smaller Tafel slope of 56.4 mV/dec). After a long-term
stability test for 18,000 s under OER condition, the Ni@
CGO-CTAB electrode still maintained excellent OER cata-
lytic activity, and the potential degradation was only 36 mV.
Therefore, the as-prepared delafossite CGO-CTAB has good
electrocatalytic activity and durability, which show its broad
application prospect for water oxidation.

Acknowledgements The authors would like to express their sin-
cere thanks for the financial support provided by the Open Project
Program of Wuhan National Laboratory for Optoelectronics (No.
2019WNLOKFO018), the Fundamental Research Funds for the Central
Universities (WUT:2020I11012JL). X. Liu acknowledges the National
Innovation and Entrepreneurship Training Program for College Stu-
dents in WUT (No. S202110497022). X. Dai acknowledges the Inno-
vation and Entrepreneurship Training Program of School of Materials
Science and Engineering in WUT for the financial support for this
work.

Authors’ contribution DX conceived the idea and coordinated the
study. HG synthesized samples and performed the measurement. HG
and DX wrote the manuscript. All authors discussed the results and
commented on the manuscript. All authors read and approved the final
manuscript.

Declarations

Competing interests The authors declare that they have no competing
interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

Zhong, L., Zhou, H., Li, R., Bian, T., Wang, S., Yuan, A.: In situ
confinement pyrolysis of ZIF-67 nanocrystals on hollow carbon
spheres towards efficient electrocatalysts for oxygen reduction. J.
Colloid Interface Sci. 584, 439-448 (2021)

Qi, Y., Wu,J., Xu,J., Gao, H., Du, Z., Liu, B., Liu, L., Xiong, D.:
One-step fabrication of a self-supported Co@CoTe, electrocata-
lyst for efficient and durable oxygen evolution reactions. Inorg.
Chem. Front. 7(13), 2523-2532 (2020)

Li, Y.S., Yi, J.W., Wei, J.H., Wu, Y.P., Li, B., Liu, S., Jiang,
C., Yu, H.G,, Li, D.S.: Three 2D polyhalogenated Co(II)-based
MOFs: syntheses, crystal structure and electrocatalytic hydrogen
evolution reaction. J. Solid State Chem. 281, 121052 (2020)
Harriman, A.: Electrochemical catalysts to meet the challenge for
sustainable fuel production from renewable energy. Curr. Opin.
Green Sustain. Chem. 30, 100492 (2021)

Chen, Z., Wei, W., Ni, B.J.: Cost-effective catalysts for renewable
hydrogen production via electrochemical water splitting: recent
advances. Curr. Opin. Green Sustain. Chem. 27, 100398 (2021)
Talib, S.H., Lu, Z., Yu, X., Ahmad, K., Bashir, B., Yang, Z., Li,
J.: Theoretical inspection of M;/PMA single-atom electrocatalyst:
ultra-high performance for water splitting (HER/OER) and oxygen
reduction reactions (OER). ACS Catal. 11(14), 8929-8941 (2021)
Wang, C., Jin, L., Shang, H., Xu, H., Shiraishi, Y., Du, Y.:
Advances in engineering RuO, electrocatalysts towards oxygen
evolution reaction. Chin. Chem. Lett. 32(7), 2108-2116 (2021)
Ye, C., Zhang, L., Yue, L., Deng, B., Cao, Y., Liu, Q., Luo, Y., Lu,
S., Zheng, B., Sun, X.: A NiCo LDH nanosheet array on graph-
ite felt: an efficient 3D electrocatalyst for the oxygen evolution
reaction in alkaline media. Inorg. Chem. Front. 8(12), 3162-3166
(2021)

Weber, T., Vonk, V., Escalera, L.D., Abbondanza, G., Larsson, A.,
Koller, V., Abb, M., Hegedus, Z., Backer, T., Lienert, U., Harlow,
G.S,, Stierle, A., Cherevko, S., Lundgren, E., Over, H.: Operando
stability studies of ultrathin single-crystalline IrO,(110) films
under acidic oxygen evolution reaction conditions. ACS Catal.
11(20), 12651-12660 (2021)

Wang, Y., Hou, S., Ma, R,, Jiang, J., Shi, Z., Liu, C., Ge, J., Xing,
W.: Modulating crystallinity and surface electronic structure of
IrO, via gadolinium doping to promote acidic oxygen evolution.
ACS Sustain. Chem. Eng. 9(32), 10710-10716 (2021)

Qiu, Y., Lopez-Ruiz, J.A., Sanyal, U., Andrews, E., Gutiérrez,
0.Y., Holladay, J.D.: Anodic electrocatalytic conversion of car-
boxylic acids on thin films of RuO,, IrO,, and Pt. Appl. Catal. B
277, 119277 (2020)

Song, F., Bai, L., Moysiadou, A., Lee, S., Hu, C., Liardet, L.,
Hu, X.: Transition metal oxides as electrocatalysts for the oxygen
evolution reaction in alkaline solutions: an application-inspired
renaissance. J. Am. Chem. Soc. 140(25), 7748-7759 (2018)
Wang, D., Luo, D., Zhang, Y., Zhao, Y., Zhou, G., Shui, L., Chen,
Z., Wang, X.: Deciphering interpenetrated interface of transition
metal oxides/phosphates from atomic level for reliable Li/S elec-
trocatalytic behavior. Nano Energy 81, 105602 (2021)

Cai, Z., Bu, X., Wang, P., Ho, J.C., Yang, J., Wang, X.: Recent
advances in layered double hydroxide electrocatalysts for the oxy-
gen evolution reaction. J. Mater. Chem. A Mater. Energy Sustain.
7(10), 5069-5089 (2019)

Yu, M., Zhou, S., Wang, Z., Zhao, J., Qiu, J.: Boosting electrocata-
lytic oxygen evolution by synergistically coupling layered double
hydroxide with MXene. Nano Energy 44, 181-190 (2018)

16. Feng, W., Pang, W., Xu, Y., Guo, A., Gao, X., Qiu, X., Chen, W.:

Transition metal selenides for electrocatalytic hydrogen evolution
reaction. ChemElectroChem 7(1), 31-54 (2019)

@ Springer


http://creativecommons.org/licenses/by/4.0/

8

Page 10 of 12

Frontiers of Optoelectronics (2022) 15:8

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Peng, X., Yan, Y., Jin, X., Huang, C., Jin, W, Gao, B., Chu, P.K.:
Recent advance and prospectives of electrocatalysts based on tran-
sition metal selenides for efficient water splitting. Nano Energy
78, 105234 (2020)

Qi, J., Lin, Y.P., Chen, D., Zhou, T., Zhang, W., Cao, R.: Autolo-
gous cobalt phosphates with modulated coordination sites for
electrocatalytic water oxidation. Angew Chem. Int. Ed. 59(23),
8917-8921 (2020)

Xu, Y., Wang, R., Zheng, Y., Zhang, L., Jiao, T., Peng, Q., Liu, Z.:
Facile preparation of self-assembled Ni/Co phosphates composite
spheres with highly efficient HER electrocatalytic performances.
Appl Surf Sci 509, 145383 (2020)

Zhao, S.Y., Zhang, B., Su, H., Zhang, J.J, Li, X.H., Wang, K.X.,
Chen, J.S., Wei, X., Feng, P.: Enhanced oxygen electroreduction
over nitrogen-free carbon nanotube-supported CuFeO, nanoparti-
cles. J. Mater. Chem. A Mater. Energy Sustain. 6(10), 43314336
(2018)

Du, Z., Qian, J., Bai, J., Li, H., Wang, M., Zhao, X., Xiong, D.:
Surfactant-modified hydrothermal synthesis of Ca-doped CuCoO,
nanosheets with abundant active sites for enhanced electrocata-
lytic oxygen evolution. Inorg. Chem. 59(14), 9889-9899 (2020)
Du, Z., Xiong, D., Verma, S.K., Liu, B., Zhao, X., Liu, L., Li, H.:
A low temperature hydrothermal synthesis of delafossite CuCoO,
as an efficient electrocatalyst for the oxygen evolution reaction in
alkaline solutions. Inorg. Chem. Front. 5(1), 183-188 (2018)
Xiong, D., Du, Z., Li, H., Xu, J., Li, J., Zhao, X., Liu, L.: Pol-
yvinylpyrrolidone-assisted hydrothermal synthesis of CuCoO,
nanoplates with enhanced oxygen evolution reaction performance.
ACS Sustain. Chem. Eng. 7(1), 1493-1501 (2019)

Mao, L., Mohan, S., Mao, Y.: Delafossite CuMnO, as an efficient
bifunctional oxygen and hydrogen evolution reaction electrocatalyst
for water splitting. J. Electrochem. Soc. 166(6), H233-H242 (2019)
Zhang, R., Sun, Z., Zong, C., Lin, Z., Huang, H., Yang, K., Chen,
J., Liu, S., Huang, M., Yang, Y., Zhang, W., Chen, Q.: Increase of
Co 3D projected electronic density of states in AgCoO, enabled
an efficient electrocatalyst toward oxygen evolution reaction. Nano
Energy 57, 753-760 (2019)

Choi, M., Yagi, S., Ohta, Y., Kido, K., Hayakawa, T.: Estimation
of delafossite P-type CuGaO,/ZnO hybrids as semiconductor pho-
tocatalyst by controlling particle size. J. Phys. Chem. Solids 150,
109845 (2021)

Muiioz-Garcia, A.B., Caputo, L., Schiavo, E., Baiano, C.,
Maddalena, P., Pavone, M.: Ab initio study of anchoring groups
for CuGaO, delafossite-based p-type dye sensitized solar cells.
Front. Chem. 7, 158 (2019)

Zhao, Q.M., Zhao, Z.Y., Liu, Q.L., Yao, G.Y., Dong, X.D.: Dela-
fossite CuGaO, as promising visible-light-driven photocatalyst:
synthesize, properties, and performances. J. Phys. D Appl. Phys.
53(13), 135102 (2020)

Ahmed, J., Mao, Y.: Synthesis, characterization and electrocata-
lytic properties of delafossite CuGaO,. J. Solid State Chem. 242,
77-85 (2016)

Ahmed, J., Poltavets, V.V., Prakash, J., Alshehri, S.M., Ahamad,
T.: Sol-gel synthesis, structural characterization and bifunctional
catalytic activity of nanocrystalline delafossite CuGaO, particles.
J. Alloy. Compd. 688, 1157-1161 (2016)

Xiong, D., Zeng, X., Zhang, W., Wang, H., Zhao, X., Chen, W.,
Cheng, Y.B.: Synthesis and characterization of CuAlO, and
AgAlO, delafossite oxides through low-temperature hydrother-
mal methods. Inorg. Chem. 53(8), 41064116 (2014)

Xiong, D., Zhang, W., Zeng, X., Xu, Z., Chen, W., Cui, J., Wang,
M., Sun, L., Cheng, Y.B.: Enhanced performance of p-type dye-
sensitized solar cells based on ultrasmall Mg-doped CuCrO,
nanocrystals. Chemsuschem 6(8), 1432-1437 (2013)

Xiong, D., Xu, Z., Zeng, X., Zhang, W., Chen, W., Xu, X., Wang,
M., Cheng, Y.B.: Hydrothermal synthesis of ultrasmall CuCrO,

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

nanocrystal alternatives to NiO nanoparticles in efficient p-type
dye-sensitized solar cells. J. Mater. Chem. 22(47), 24760-24768
(2012)

Xiong, D., Qi, Y., Li, X., Liu, X., Tao, H., Chen, W., Zhao, X.:
Hydrothermal synthesis of delafossite CuFeO, crystals at 100 °C.
RSC Adv. 5(61), 49280-49286 (2015)

Xiong, D., Zhang, Q., Verma, S.K., Bao, X.Q., Li, H., Zhao, X.:
Crystal structural, optical properties and Mott-Schottky plots of
p-type Ca doped CuFeO, nanoplates. Mater. Res. Bull. 83, 141—
147 (2016)

Xiong, D., Zhang, Q., Du, Z., Verma, S.K., Li, H., Zhao, X.:
Low temperature hydrothermal synthesis mechanism and thermal
stability of p-type CuMnO, nanocrystals. New J. Chem. 40(7),
6498-6504 (2016)

Xiong, D., Gao, H., Deng, Y., Qi, Y., Du, Z., Zeng, X., Li, H.:
Impact of Mg doping on the optical and electrical properties of
p-type CuMnO, ultrathin nanosheets. J. Mater. Sci.: Mater. Elec-
tron. 31(7), 5416-5452 (2020)

Deng, Y., Xiong, D., Gao, H., Wu, J., Verma, S.K., Liu, B., Zhao,
X.: Hydrothermal synthesis of delafossite CuScO, hexagonal
plates as an electrocatalyst for the alkaline oxygen evolution
reaction. Dalton Trans. (Cambridge, England) 49(11), 3519-3524
(2020)

Du, Z., Xiong, D., Qian, J., Zhang, T., Bai, J., Fang, D., Li, H.:
Investigation of the structural, optical and electrical properties
of Ca** doped CuCoO, nanosheets. Dalton Trans. (Cambridge,
England) 48(36), 13753-13759 (2019)

Du, Z., Qian, J., Zhang, T., Ji, C., Wu, J., Li, H., Xiong, D.: Sol-
vothermal synthesis of CuCoO, nanoplates using zeolitic imida-
zolate framework-67 (ZIF-67) as a Co-derived precursor. New J.
Chem. 43(38), 15233-15239 (2019)

Gao, H., Zeng, X., Guo, Q., Yang, Z., Deng, Y., Li, H., Xiong,
D.: P-type transparent conducting characteristics of delafossite Ca
doped CuScO, prepared by hydrothermal synthesis. Dalton Trans.
(Cambridge, England) 50(15), 5262-5268 (2021)

Li, J.H., Wang, Y.S., Chen, Y.C., Kung, C.W.: Metal-organic
frameworks toward electrocatalytic applications. Appl. Sci.
(Basel, Switzerland) 9(12), 2427 (2019)

Yu, M., Natu, G., Ji, Z., Wu, Y.: p-Type dye-sensitized solar cells
based on delafossite CuGaO, nanoplates with saturation photo-
voltages exceeding 460 mV. J. Phys. Chem. Lett. 3(9), 1074-1078
(2012)

Yu, M., Draskovic, T.I., Wu, Y.: Understanding the crystallization
mechanism of delafossite CuGaO, for controlled hydrothermal
synthesis of nanoparticles and nanoplates. Inorg. Chem. 53(11),
5845-5851 (2014)

Qiao, X, Jin, J., Luo, J., Fan, H., Cui, L., Wang, W., Liu, D, Liao,
S.: In-situ formation of N doped hollow graphene nanospheres/
CNTs architecture with encapsulated Fe;C@C nanoparticles as
efficient bifunctional oxygen electrocatalysts. J. Alloy. Compd.
828, 154238 (2020)

Xu, S., Wang, M., Saranya, G., Chen, N., Zhang, L., He, Y., Wu,
L., Gong, Y., Yao, Z., Wang, G., Wang, Z., Zhao, S., Tang, H.,
Chen, M., Gou, H.: Pressure-driven catalyst synthesis of Co-
doped Fe;C@carbon nano-onions for efficient oxygen evolution
reaction. Appl. Catal. B 268, 118385 (2020)

Chiu, T.W., Huang, P.S.: Preparation of delafossite CuFeO, coral-
like powder using a self-combustion glycine nitrate process.
Ceram. Int. 39, S575-S578 (2013)

Zou, L., Kitta, M., Hong, J., Suenaga, K., Tsumori, N., Liu,
Z., Xu, Q.: Fabrication of a spherical superstructure of carbon
nanorods. Adv. Mater. 31(24), 1900440 (2019)

Zhao, R.D., Zhang, Y.M., Liu, Q.L., Zhao, Z.Y.: Effects of the
preparation process on the photocatalytic performance of delafos-
site CuCrO,. Inorg. Chem. 59(22), 16679-16689 (2020)



Frontiers of Optoelectronics (2022) 15:8

Page110f12 8

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Xin, S., Liu, G., Ma, X., Gong, J., Ma, B., Yan, Q., Chen, Q., Ma,
D., Zhang, G., Gao, M., Xin, Y.: High efficiency heterogeneous
fenton-like catalyst biochar modified CuFeO, for the degradation
of tetracycline: economical synthesis, catalytic performance and
mechanism. Appl. Catal. B 280, 119386 (2021)

Li, T., Xu, M., Peng, K., Sun, Y., Wang, M., Dai, H., Liu, D.,
Xue, R., Chen, Z.: Evolution of microstructure, defect, optoelec-
tronic and magnetic properties of Cu;_Ca FeO, ceramics. J. Phys.
Chem. Solids 151, 109910 (2021)

Bourque, J.L., Biesinger, M.C., Baines, K.M.: Chemical state
determination of molecular gallium compounds using XPS. Dal-
ton Trans. (Cambridge, England) 45(18), 7678-7696 (2016)
Sarpaki, S., Cortezon-Tamarit, F., de Aguiar, S.R.M.M., Exner,
R.M.,, Divall, D., Arrowsmith, R.L., Ge, H., Palomares, F.J., Car-
roll, L., Calatayud, D.G., Paisey, S.J., Aboagye, E.O., Pascu, S.I.:
Radio- and nano-chemistry of aqueous Ga(iii) ions anchored onto
graphene oxide-modified complexes. Nanoscale 12(12), 6603—
6608 (2020)

Huang, R., Liu, T., Zhao, Y., Zhu, Y., Huang, Z., Li, F., Liu, J.,
Zhang, L., Zhang, S., Ding, A., Yang, H.: Angular dependent XPS
study of surface band bending on Ga-polar N-GaN. Appl. Surf.
Sci. 440, 637-642 (2018)

Grodzicki, M., Rousset, J.G., Ciechanowicz, P., Piskorska-Hom-
mel, E., Hommel, D.: XPS studies on the role of arsenic incorpo-
rated into GaN. Vacuum 167, 73-76 (2019)

Wang, Z., Xu, J., Yang, J., Xue, Y., Dai, L.: Ultraviolet/ozone
treatment for boosting OER activity of MOF nanoneedle arrays.
Chem. Eng. J. 427, 131498 (2022)

Saad, A., Liu, D., Wu, Y., Song, Z., Li, Y., Najam, T., Zong, K.,
Tsiakaras, P., Cai, X.: Ag nanoparticles modified crumpled boro-
phene supported Co;0, catalyst showing superior oxygen evolu-
tion reaction (OER) performance. Appl. Catal. B 298, 120529
(2021)

Li, H., Tan, M., Huang, C., Luo, W., Yin, S.F., Yang, W.:
Co,(OH);Cl and MOF mediated synthesis of porous Co;0,/
NC nanosheets for efficient OER catalysis. Appl. Surf. Sci. 542,
148739 (2021)

Kang, T., Kim, J.: Optimal cobalt-based catalyst containing high-
ratio of oxygen vacancy synthesized from metal-organic-frame-
work (MOF) for oxygen evolution reaction (OER) enhancement.
Appl. Surf. Sci. 560, 150035 (2021)

Li, X., You, S., Du, J., Dai, Y., Chen, H., Cai, Z., Ren, N., Zou,
J.: ZIF-67-derived Co;0,@carbon protected by oxygen-buffering
CeO, as an efficient catalyst for boosting oxygen reduction/evolu-
tion reactions. J. Mater. Chem. A Mater. Energy Sustain. 7(45),
25853-25864 (2019)

Bhatti, A., Tahira, A., Gradone, A., Mazzaro, R., Morandi, V.,
Aftab, U., Abro, M.1., Nafady, A., Qi, K., Infantes-Molina, A.,
Vomiero, A., Lbupoto, Z.H.: Nanostructured Co;0, electrocata-
lyst for OER: the role of organic polyelectrolytes as soft templates.
Electrochim. Acta 398, 139338 (2021)

Bian, J., Su, R., Yao, Y., Wang, J., Zhou, J., Li, F., Wang, Z.L.,
Sun, C.: Mg doped perovskite LaNiO; nanofibers as an efficient
bifunctional catalyst for rechargeable zinc—air batteries. ACS
Appl. Energy Mater. 2(1), 923-931 (2019)

Dai, J., Zhu, Y., Zhong, Y., Miao, J., Lin, B., Zhou, W., Shao, Z.:
Enabling high and stable electrocatalytic activity of iron-based
perovskite oxides for water splitting by combined bulk doping
and morphology designing. Adv. Mater. Interfaces 6(1), 1801317
(2019)

Zhang, X., Chen, Y., Zhang, W., Yang, D.: Coral-like hierarchical
architecture self-assembled by cobalt hexacyanoferrate nanocrys-
tals and N-doped carbon nanoplatelets as efficient electrocata-
lyst for oxygen evolution reaction. J. Colloid Interface Sci. 558,
190-199 (2020)

Han Gao is a master student in
the School of Materials Science
and Engineering at Wuhan Uni-
versity of Technology, China.
She graduated from Anhui Uni-
versity of Architecture, China
with a bachelor degree in 2019.
Her research interest is hydro-
thermal synthesis of nanostruc-
tured semiconductor and their
application in photo/electrocata-
lytic water splitting.

Miao Yang is a master student in
the school of Materials Science
and Engineering at Wuhan Uni-
versity of Technology, China.
She graduated from South-west
University, China with a bache-
lor degree in 2019. Her current
research interests include nano-
structured photoelectric func-
tional materials.

Xing Liu is an undergraduate
student in the School of Materi-
als Science and Engineering at
Wuhan University of technology,
China. His research interests
include preparation and charac-
terization of inorganic semicon-
ductor hole transport materials
for photoelectric devices.

Xianglong Dai is an undergradu-
ate student in the School of
Materials Science and Engineer-
ing at Wuhan University of tech-
nology, China. His research
interests include hydrothermal
synthesis of nanostructured inor-
ganic semiconductor for photo-
electric devices.

@ Springer



8 Page 12 of 12

Frontiers of Optoelectronics (2022) 15:8

Xiao-Qing Bao received his B.E.
degree in Mechatronic Engineer-
ing from Harbin Institute of
Technology, China in 1995 and
Ph.D. degree in Microelectronics
and Solid-State-Electronics from
Chinese Academy of Sciences,
China in 2008. He spent three
years in IEMN, CNRS 8520,
France as a postdoctoral
researcher having engaged in the
development of flapping-wing
robotic insects (in the field of
micro- and nano air vehicle and
bionics). Then he worked as a
research fellow at International
Iberian Nanotechnology Laboratory (INL), Portugal with his main
interests in the design, fabrication and characterization of nanomateri-
als and electrodes for energy conversion. He is presently a research
associate in Chinese Academy of Sciences focusing his investigations
on micro- and nano-fabrication for various applications.

@ Springer

Dehua Xiong is a professor in
State Key Laboratory of Silicate
Materials for Architectures at
Wuhan University of Technol-
ogy, China. He received his
Ph.D. degree from Wuhan Uni-
versity of Technology in 2011.
After postdoctoral research in
Huazhong University of Science
and Technology, Wuhan Univer-
sity of Technology, and Interna-
tional Iberian Nanotechnology
Laboratory from 2011 to 2017,
he has worked as professor of
Materials Science and Engineer-
ing at Wuhan University of
Technology since 2018. His research interests cover the developing and
understanding new functional energy-saving glass materials and metal-
organic frameworks derived nano-structured materials for photo/elec-
trocatalytic water splitting.



	Hydrothermal synthesized delafossite CuGaO2 as an electrocatalyst for water oxidation
	Abstract
	1 Introduction
	2 Experimental details
	2.1 Materials synthesis
	2.2 Structural characterization
	2.3 Electrochemical measurements

	3 Results and discussion
	4 Conclusions
	Acknowledgements 
	References


