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Controlled growth of a graphdiyne/cobalt hydroxide heterointerface
for efficient chlorine production
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Abstract:  The chlor-alkali process plays a key and irreplaceable role in the chemical industry because of its use in various indus-
trial processes. However, the low selectivity and efficiency of the reported chlorine evolution reaction (CER) electrocatalysts obvi-
ously hinder its practical use. We report a simple method for the controlled growth of high-performance CER electrocatalysts by first
growing cobalt hydroxide on the surface of carbon cloth, followed by the in-situ growth of graphdiyne (GDY/Co(OH),). As expected,
the as-synthesized catalyst has a small overpotential of only 83 mV at 10 mA cm, a maximum Faradaic Efficiency (FE) of 91.54%,
and a high chlorine yield of 157.11 mg h™" ecm™ in acidic simulated seawater. Experimental results demonstrate that the in-situ growth
of GDY on the Co(OH), surface leads to the formation of heterointerfaces with strong electron transfer between GDY and Co atoms,
resulting in a higher conductivity, larger active specific surface area and more active sites, thereby improving the overall electrocata-
lytic selectivity and efficiency.
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1 Introduction tions because of its unique structures and properties

such as the alkyne-rich structures, high intrinsic activ-

Chlorine plays a crucial role in modern chemical ity, the abundance of sp-hybridized pores, high con-

industries including water treatment, disinfection, ad- ductivity, and strong integer charge transfer between

vanced technology and the products that contribute to GDY and metal atoms"™>"). Especially, the property

. [1-4] .
public health and safety' . During the past decades, of GDY that it can be grown on the surface of any

dimensionally stable anodes (DSAs) based on RuO,
and IrO, have been established as electrocatalysts for
chlor-alkali process, but limited by their intrinsic poor
activity and low selectivity!®. Besides, the RuO, and
IrO, species in DSA are supposed to be active for
oxygen evolution reaction (OER), which is the key
competitive reaction to chlorine evolution reaction
(CER)" unavoidably reducing the overall elec-
trocatalytic performances regarding the CER® '), The
design and synthesis of Ru/Ir-free catalysts with high
selectivity and efficiency towards chlorine production
from seawater are still in great demand.

Graphdiyne (GDY) has attracted increasing at-

tention in various catalysis and energy-related applica-
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substrate provides significant advantages for the con-

trolled growth of heterointerface structures with excel-

(20331 Extensive

lent selectivity, activity and stability
studies have demonstrated that GDY is an ideal plat-
form for constructing new materials with excellent se-
lectivity, activity and stability®*?”. Various GDY-
based materials were successfully synthesized and
used as highly efficient electrocatalysts for various
chemical conversion reactions including the oxygen

[21,28]

evolution  reactions , hydrogen  evolution

reactions™™ ), N,/CO,/O, reduction reactions™*>* and

. : : 3941
methanol oxidation reactions?’*".

However, the
design of GDY-based electrocatalysts for CER has not

been reported. Transition metal-based materials are
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considered efficient catalysts to replace noble metals
due to their affordability and convenient industrial

4291 On another hand, recent

production processes
studies show that cobalt atoms possess stronger Cl
binding energy for pre-adsorption of Cl', which might
benefit the following activation of CI™ to C1,P**!.
Herein, the graphdiyne/cobalt hydroxide
(GDY/Co(OH),) heterostructured catalysts with high-
performance heterointerfaces were  synthesized
through a facile method to in-situ grow the GDY on
the surface of Co(OH), nanowires. Experimental res-
ults demonstrate that the in-situ growth of GDY on
the Co(OH), surface leads to the formation of het-
erointerfaces with strong electron transfer between
GDY and Co atoms, resulting in higher conductivity,
larger active specific surface area and more active
sites, thereby improving the overall electrocatalytic
selectivity The
GDY/Co(OH), was successfully used as the catalyst
for CER, achieving the high FE of 91.54%, chlorine

yield rates (Y,o) of 157.11 mg h™' cm™, low overpo-

and efficiency. as-synthesized

tential of 83 mV at 10 mA cm 7, as well as good long-
term stability for continuous CER at room temperat-
ure and ambient pressure in the acidic 0.5 mol L™
NaCl solution.

2 Experimental

2.1 Materials

Cobalt nitrate hexahydrate (Co(NO;),-6H,0) and
urea (CO(NH,),) were provided by Energy Chemical.
Ammonium fluoride (NH,F), pyridine, N,N-dimethyl-
formamide (DMF), and acetone were purchased from
Shanghai Sinopharm Chemical Reagent Co. Ltd.,
China. Carbon cloth was cleaned before use. The ul-
trapure water was obtained from a Millipore system.
All the reagents were of analytical grade and were
used without further purification.

2.2 Synthesis of Co(OH),

Cobalt hydroxide (Co(OH),) was synthesized
through a hydrothermal method. Briefly, 2 mmol of
Co(NO,),"6H,0, 4 mmol of NH,F, and 7.5 mmol of
CO(NH,), were firstly dissolved in 40 mL of deion-

ized water under ultrasonication. The obtained homo-

geneous solution was then transferred into a 50 mL
PTFE-lined autoclave containing a piece of freshly-
treated carbon cloth (2 cmx3 cm). The autoclave was
placed in an oven at 120 °C for 12 h. After cooling to
room temperature, the obtained samples were washed
thoroughly by deionized water and dried at room tem-
peratures.

2.3 Synthesis of GDY/Co(OH),

A piece of Co(OH), (2 cmx3 cm) was immersed
into a three-necked flask containing 30 mL of pyrid-
ine. The pyridine solution of HEB (0.3 mg mL™',
50 mL) was slowly dropwise added into the above re-
actor under the protection of argon at 120 °C for 12 h.
The obtained GDY/Co(OH), was washed thoroughly
by hot DMF and acetone.

2.4 Characterizations

Scanning electron microscopy (SEM, Zeiss Gem-
ini 300), transmission electron microscopy (TEM,
JEOL-1011) and high-resolution transmission elec-
tron microscopy (HRTEM, Talos) images were con-
ducted to obtain the morphologies of the catalysts. Ra-
man spectra were obtained using a Renishaw-2000
Raman spectrometer with a 473 nm excitation laser
source. X-ray photoelectron spectroscopy (XPS)
measurements were conducted using a Thermo Sci-
entific Escalab 250Xi instrument with 200 W mono-
chromated Al Ka radiation to analyze the chemical
composition and elemental states.

2.5 Electrochemical tests

All electrochemical measurements were conduc-
ted using an electrochemical workstation (CHI 660E,
China) in an H-type cell (separated by Nafion 117
membrane) with the freshly-prepared catalysts, graph-
ite rod and saturated calomel electrode as the working
electrode, counter electrode and reference electrode,
respectively. The mass loading of freshly-prepared
GDY/Co(OH), is 2.7 mg cm . The electrolyte was a
mixture containing 0.5 mol L™' NaCl and 0.1 mol L™
HCI (saturated with argon before use). Linear sweep
voltammetry (LSV) measurements were conducted at
a scan rate of 5 mV s '. The long-term stability tests
of the catalysts were performed using the chro-
noamperometric method under a constant overpoten-

tial. Electrochemical impedance spectroscopy (EIS)
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was performed at open circuit voltage in the fre-
quency range of 100 kHz to 0.01 Hz. All the meas-
ured potential was calibrated using the reversible hy-
drogen electrode (RHE).
2.6 Quantification of active chlorine

The qualitative and quantitative determination of
active chlorine was carried out by N,N-diethyl-p-
phenylenediamine (DPD) spectrophotometric method.
Firstly, 1.0 mL of the test solution was diluted to the
detection range and added to the test tube. Then, 1.0
mL of phosphate buffer (pH = 6.5) and 1.0 mL of
DPD reagent were added to the above solution. UV-
vis spectrophotometer was conducted from 400 to 700
nm to measure the absorption spectra as quickly as
possible. The calibration curve was plotted at 552 nm
using absorbance versus the concentration of active
chlorine. The DPD reagent solution was prepared by
dissolving 0.1 g of N,N-Diethyl-p-phenylenediamine
sulfate in pure water with 0.2 mL of concentrated
H,SO,, and then diluting the solution to 100 mL (The
solution was stored in a brown bottle and kept in a
cold, dark environment. If the color of the solution

turns red or fades, it should be reconstituted).

3 Results and discussion

Fig. 1 illustrates the route of

synthesis

Carbon cloth

Clo-
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Chlorine production

Fig. 1

e
GDY/Co(OH),

GDY/Co(OH), heterostructures through a simple two-
step method, including the first synthesis of Co(OH),
electrode by a hydrothermal method, followed by in-
situ growing GDY on the surface of Co(OH),.
Scanning electron microscopy (SEM) images
show that Co(OH), nanowires were successfully syn-
thesized and vertically stood on the surface of carbon
cloth (Fig. 2a-c), forming a nanowire array morpho-
logy that could facilitate the mass transport and
provide larger electrochemically active areas. Such
morphology was well preserved after in-situ growth of
GDY on the Co(OH), surface, but with a rougher sur-
face (Fig. 2d-f), which might result in more exposed
surface atoms serving as potential catalytic sites, thus
improving the overall catalytic performance of the
catalyst. The of
GDY/Co(OH), (Fig. 2g-i and Fig. S1) reveals the uni-

form distribution of C, O and Co elements on the cata-

elemental distribution test

lyst.

The detailed characterizations on the structure of
the samples were further conducted using high-resolu-
tion transmission electron microscopy (HRTEM).
Two typical (101) and (110) crystal planes (with the
lattice spacing of 0.237 nm in Fig. 3a and 0.156 nm in
Fig. 3b, respectively) of S-Co(OH), were observed.
The selected area electron diffraction (SAED) pattern

In-situ cross-coupling

Schematic illustration of the synthesis route for GDY/Co(OH),
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Fig. 2 SEM images of (a-c) Co(OH), and (d-f) GDY/Co(OH),. (g-i) Elemental mapping images of GDY/Co(OH),

showed diffraction spots for the (101) and (110) crys-
tal planes (Fig. 3c). These results confirm the success-
ful preparation of Co(OH), with B phase. Fig. 3d
shows that there is an obvious interfacial structure
between Co(OH), and GDY, which demonstrates the
successful formation of GDY/Co(OH), heterojunc-
tion. GDY presents a layer distance of 0.364 nm
(Fig. 3e). The lattice spacings of Co(OH), phases
changed from 0.156 to 0.150 nm (Fig. 3f), which
might be due to the strong interaction between GDY
and Co(OH), phases. The (100) crystal face of
Co(OH), with a lattice spacing of 0.280 nm was ob-
served in Fig. 3g and 3h. The elemental distribution
mapping (Fig. 3i) showed that the elements Co, O,
and C were uniformly distributed in GDY/Co(OH),.
The Raman spectra of GDY/Co(OH), (Fig. 4a)
exhibited 4 peaks at 1366.0, 1563.2, 1930.0, and
2163.0 cm™', corresponding to the D-band, G-band,
and alkyne bonding vibrational peaks in the structure
of GDY, respectively. The presence of alkyne bond-

ing peaks in GDY/Co(OH), confirms the successful
growth of GDY on the Co(OH) surface. And the shift
of the acetylene bond peak position in Raman spectra
confirms the interaction between GDY and Co(OH),.
In addition, the I,/I; value of pure GDY was 0.69,
while that of GDY/Co(OH), was 0.76, indicating that
more defects were generated after the formation of the
heterostructure. This could effectively increase the
number of active catalytic sites, facilitate the catalytic
reactions, and consequently enhance the overall cata-
lytic performance for chlorine production. The hydro-
philicity tests of GDY/Co(OH), and pure carbon cloth
are presented in Fig. 4b. The experimental results in-
dicated that the surface of pure carbon cloth was hy-
drophobic. GDY/Co(OH), exhibited super hydrophil-
ic properties with a water contact angle of 0°. This im-
proves the wettability of the electrolyte on the surface
of the GDY/Co(OH), catalyst, facilitating the activa-
tion of the reactants at the catalytic interface and ac-

celerating the catalytic reaction.
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Fig. 3 (a, b) HRTEM images of Co(OH),. (¢) SAED images of Co(OH),. (d) Interface structure of GDY and Co(OH), in GDY/Co(OH),. (e, f) Enlarged im-
ages in the yellow square of (d). (g) HRTEM images of Co(OH), phase in GDY/Co(OH),. (h) SAED pattern of GDY/Co(OH),.
(i) Elemental distribution images of GDY/Co(OH),

X-ray photoelectron spectroscopy (XPS) results
show the copresence of C, Co and O in
GDY/Co(OH), (Fig. S2), which is consistent with the
elemental distribution results (Fig. 2g-i, 3i). The C 1s
XPS spectra of GDY/Co(OH), show 5 sub-peaks
corresponding to sp’—C (284.52 V),
(285.26 eV), C—0 (286.71 eV), C=0 (288.49 eV),
transition (289.87 eV),
(Fig. 4d). The peak area ratio of sp°—C to sp—C was

sp—C

and m-m* respectively
1 : 2, confirming the successful growth of graph-
diyne. Compared with the pristine GDY, the C 1s
peak of GDY/Co(OH), shifted to higher binding en-

ergy by 0.15 eV, and the peak positions of the Co 2p
XPS peaks shifted to lower binding energy (Fig. 4e),
indicating charge transfer from GDY to Co(OH), and
further confirming the formation of GDY/Co(OH),
heterojunction. The emergence of the m-n* transition
peaks also confirmed the interaction between GDY
and Co(OH),. As shown in Fig. 4e, the peaks at 797.1
and 781.5 eV corresponded to Co 2p,, and Co 2p,,,
respectively. The difference in binding energy
between these 2 peaks is about 15.6 eV, consistent
with the results in the literature™. In the Co 2p,,
spectrum, the peaks at 781.5 and 786.9 eV corres-
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Fig. 4 (a) Raman spectra of GDY and GDY/Co(OH),. (b) The contact angle test for GDY/Co(OH), and CC. (c) Schematic of charge transfer between GDY
and Co(OH),. (d) High-resolution C 1s XPS spectra of GDY and GDY/Co(OH),. (¢) High-resolution Co 2p XPS spectra of Co(OH), and GDY/Co(OH),.
(f) High-resolution O 1s XPS spectra of Co(OH), and GDY/Co(OH),. (g) Equivalent circuit model. (h) Electrochemical impedance spectra and
(i) Double-layer capacitance test for GDY, Co(OH), and GDY/Co(OH),

pond to the Co®* peak and satellite peaks, respectively.
The valence state of Co atoms in GDY/Co(OH), re-
mained unchanged compared to Co(OH),. The O 1s
XPS spectra of GDY/Co(OH), (Fig. 4f) could be di-
vided into 2 characteristic peaks of Co-OH (532.1 eV)
and H,0 (533.4 eV), suggesting that the structural
composition of Co(OH), did not change after the
growth of graphdiyne.

Electrochemical impedance spectra (EIS) and
electrochemical active surface area (ECSA) were next
studied to determine the origin of the catalytic activ-
ity. The Nyquist plots were fitted with the R(QR)(QR)
circuit model (Fig. 4g) to obtain the charge transfer
resistance (R,) and solution resistance (R,) (Table S1).
The R, and R, represent the conductivity and the rate
of the electrochemical reaction and mass transfer, re-
The results showed that

spectively. fitting

GDY/Co(OH), had smaller charge transfer resistance
and solution resistance (R, = 79.85 Q, R, = 9.48 Q)
compared with pristine Co(OH), and GDY (Fig. 4h),
indicating higher charge transfer ability, better con-
ductivity, and faster mass transfer. Double layer capa-
citance values (C,) were determined by analyzing
cyclic voltammetry (CV) curves during non-Faraday
intervals at various sweep rates (Fig. S3). The GDY/
Co(OH), had the highest C, value (5.94 mF cm?)
among the control samples (Fig. 4i). This indicates
that it has the largest electrochemically active surface
area and would provide more catalytic active sites.
The conductivity of the catalyst has been improved
significantly after the in-situ growth of GDY on the
Co(OH), surface to form a heterostructure. Moreover,
the electrochemically active specific surface area of

the catalyst was increased, providing a greater abund-
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ance of active sites.

The chlorine evolution reaction (CER) perform-
ance of the samples were tested using a standard
three-electrode system (Fig. 5a). Fig. 5b shows that
GDY/Co(OH), has the best CER activity with the
largest current densities than Co(OH), and GDY dur-
Whereas GDY/

Co(OH), exhibits a smaller current density in a Cl-

ing the electrocatalysis process.

free electrolyte than that in Cl-containing electrolyte,
which suggests that the primary reaction occurring at
the anode is the CER rather than the competitive wa-
ter splitting reaction. GDY/Co(OH), also exhibited a
small overpotential of only 83 mV at 10 mA cm >,
better than most of the reported electrocatalysts and
control samples of GDY (141 mV) and Co(OH),
(133 mV) (Fig. 5c and Table S2). Experimental test
results also revealed that GDY/Co(OH), had the smal-

ler Tafel slope of 30.08 mV dec' compared with

pristine Co(OH), and pure GDY (Fig. 5d), indicating
the fastest reaction kinetics. The Faradaic efficiency
(FE) and active chlorine (AC) yield are examined us-
ing DPD spectrophotometry. The chronoampero-
metry curves and the corresponding UV-vis absorp-
tion spectra of the electrolyte for GDY/Co(OH), and
its control samples were shown in Fig. S4 and Fig. S5,
respectively. As shown in Fig. 5f, the Faradaic effi-
ciency of GDY/Co(OH), for CER initially increased
to a maximum value of 91.54% at 1.8 V (vs. RHE),
followed by a slight decrease with the further in-
crease of applied potentials, which might be due to the
influence of OER. This value is higher than that of
GDY (63.78%) and Co(OH), (85.46%). GDY/
Co(OH), also presents the maximized chlorine yield-
ingrateof 157.11 mgh ™' cmat2.1 V (vs. RHE), higher
than GDY (46.74 mg h' cm?) and Co(OH),
(136.59 mg h™' ¢cm™®) (Fig. 5g). The comparison of
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Fig. 5 (a) Schematic of the electrolysis process. (b) LSV curves. (c) Overpotentials at a current density of 10 mA c¢m . (d) Tafel slopes for GDY/Co(OH), and

its control samples. (¢) Determination of standard curves for the detection of active chlorine. Comparison of (f) Faradaic efficiency of active chlorine at various
potentials and (g) active chlorine yield at various potentials for GDY, Co(OH), and GDY/Co(OH),. (h) Comparison of active chlorine yield at 2.1 V vs. RHE
for GDY/Co(OH), with and without NaCl. (i) Comparison of catalytic performance
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active chlorine yield at 2.1 V (vs. RHE) in electro-
lytes with and without NaCl is shown in Fig. 5h, fur-
ther confirming the primary reaction occurring at the
anode is the CER. The GDY/Co(OH), heterostructure
catalysts exhibited superior activity and selectivity
compared to the single-phase catalysts for producing
chlorine from electrolytic simulated seawater (Fig. 51).
The stability of the catalyst was tested at 1.5 V (vs.
RHE) using the
(Fig. S6). Fig. 6a shows the LSV curves before and

after 10 h of continuous electrolysis. The current

chronoamperometry  method

density decreased by only 3.51%, demonstrating ex-
cellent stability. The XPS tests of the GDY/Co(OH),
were also conducted after 10 h of electrolysis. As
shown in Fig. 6b, the peak area ratio of sp—C to
sp’—C is still 2 : 1, suggesting that the structure of
GDY remains intact during electrolysis. The valence
state of cobalt remained at +2 after electrolysis, and

the structural composition of the catalysts showed no

obvious change (Fig. 6¢, d). The protective effect of
the formed GDY layer is remarkable endowing the
catalyst with excellent stability. It is worth noting that
there was an evident charge transfer at the heterogen-
eous interface during the electrolysis process.
This transfer could effectively enhance the conductiv-
ity of the catalysts, improve the charge transfer
ability, and facilitate the kinetics of the catalytic reac-

tion.

4  Conclusion

In summary, we report the in-situ growth of
GDY/Co(OH), heterointerface structures by growing
GDY on Co(OH), surface. Experimental results have
demonstrated that the as-synthesized catalyst exhibits
strong charge transfer between GDY and Co atoms,
resulting in the electron-rich heterointerface struc-
tures with higher conductivity and more active sites.

This significantly enhance the chlorine production se-
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Fig. 6 Comparison of (a) polarization curves, (b) high-resolution C 1s XPS spectra, (c) high-resolution Co 2p XPS spectra and (d) high-resolution O 1s XPS

spectra of GDY/Co(OH), before and after 10 h of electrolysis of seawater for chlorine production
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lectivity (with a high FE of 91.54% at 1.8 V vs. RHE),
activity (with a small overpotential of 83 mV at
10 mA cm°), and stability. This work provides new
insights into the design and optimization of efficient

catalysts for chlorine production from seawater.
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