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Electrochemical water decomposition to produce hydrogen is a promising approach for renewable energy
storage. It is vital to develop a catalyst with low overpotential, low cost and high stability for hydrogen
evolution reaction (HER) under alkaline conditions. Herein, we used a simple hydrothermal method to
obtain a AgCo(CO),4 precursor on the surface of carbon fiber paper (CFP). After thermal phosphorization,
the self-supporting catalyst AgCoPO4/CFP was obtained, which greatly improved the HER catalytic
performance under alkaline conditions. At 10 mA cm™2, it showed an overpotential of 32 mV. The Tafel
slope was 34.4 mV dec™’ The high catalytic performance of AgCoPO,/CFP may be due to the
hydrophilic surface promoting effective contact with the electrolyte and the synergistic effect of the two
metals, which accelerated electron transfer and thus promoted hydrogen evolution reaction. In addition,
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potential of the AgCoPO4/CFP assembled electrolytic cell was only 1.45 V when the current density
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1. Introduction

Fossil fuel usage can produce carbon dioxide and other green-
house gases, which are not friendly to the environment."*
Sustainable production of hydrogen is important for developing
green energy.*” Electrocatalytic hydrogen evolution reaction
(HER) is a crucial step in water splitting, which has been
extensively studied in the last few decades.*” As with any other
chemical reaction, an energy input is required to overcome the
electrochemical process of producing hydrogen from water.
Preparing catalysts with excellent catalytic activity to optimize
the catalytic performance and reduce the overpotential is the
key step for water splitting.*®

Generally, platinum-based catalysts and their derivatives**'*
have the best hydrogen binding energy (HBE) and Gibbs free
energy (AGy,), *>** however, precious metal catalysts in electro-
catalytic HER have some disadvantages such as low reserves and
high price.***® Therefore, the development of efficient,
economic and long-life catalyst is the key factor to realize high-
performance energy storage.'” Phosphate has attracted great
attention because of its special structure and catalytic
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which was much lower than that required for overall water splitting. This work
provides a new method for the design and synthesis of efficient HER electrocatalysts.

performance." Xiao reported a novel heterostructures named
Co(PO3),@NPC/Mo0S,, where NPC was N-doped porous
carbon.” It clearly indicated that its electronic structure and
HER performance was greatly ameliorated by interface of
Co(PO3),@NPC/MoS,. In consequence, a lower overpotential of
119 mV was acquired in alkaline electrolyte at 10 mA cm .
However, catalysts synthesized by transition metals alone have
limitations in reducing overpotential and maintaining stability.
Various precious metal nanoparticles (such as Pt,?° Ru,?22 Ir, 224
Au,*® and Ag) usually combined with transition metal-based
catalysts to improve HER catalytic performance. Among them,
silver-based electrocatalysts have outstanding performance due
to their low price and abundant natural reserves.”” Xu's group®®
prepared layered and porous Ag/Ag,S heterostructures. Ag"
acted as a regulator that competed with CoS linkers to control
crystal growth rates and nucleation, adjusting pore size from
micropore to macropore to achieve efficient mass transfer and
to produce fully exposed active surfaces in porous frames. Thus,
a better alkaline HER effect could be obtained. Therefore,
combining the catalytic activity of noble metal with the stability
of transition metal can effectively develop high-performance
electrocatalysts.>***

Herein, in order to solve the problems of high overpotential
and poor stability of HER catalyst, hydrophilic AgCo(CO),/CFP
precursor was synthesized by hydrothermal synthesis on
hydrophobic carbon fiber paper (CFP) and AgCoPO,/CFP was
obtained after thermal phosphorization. Compared with CFP
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and AgCo(CO),/CFP, AgCoPO,/CFP had more favorable wetta-
bility, which can effectively contact the electrolyte and accel-
erate the reaction kinetics process. The synergistic effect of
bimetal can accelerate the transmission of electrons and opti-
mized the surface electronic structure of catalyst. Thus, the HER
catalytic performance of AgCoPO,/CFP was improved. In alka-
line solution, the overpotential of AgCoPO,/CFP was only 32 mV
under the current density of 10 mA cm ™%, which was better than
most non-noble metal-based catalysts. In addition, AgCoPO,/
CFP can perform HER catalysis for up to 25 h at a faint voltage of
32 mV at a current density of 10 mA cm ™2, showing excellent
catalytic durability. The AgCoPO,/CFP assembled electrolytic
cell also obtained excellent catalytic performance.

2. Experimental section
2.1 Chemicals and materials

The chemicals and reagents are shown in ESL

2.2 Preparation of AgCo(CO),/CFP

The thickness of CFP is 0.19 mm (HCP121). CFP was cut into
a size of 1 ecm x 1.5 cm, ultrasonic cleaned in 30 mL hydro-
chloric acid for 10 minutes, then in ethanol for 20 minutes, at
last it was dried for later use. The precursor AgCo(CO),/CFP was
prepared by a hydrothermal process. At the beginning, a CFP
piece was mixed with 40 mL of a solution containing 0.9 mmol
Co(NO3),-6H,0, 0.1 mmol AgNO;, 5 mmol urea and 4 mmol
NH,F. The mixture was stirred for 5 h. Later, the solution
including the CFP was heated up to 110 °C within a hydro-
thermal reactor for 10 h. After cooling naturally at room
temperature, the crude product was washed with water and
ethanol for 3 times. The precursor material produced by this
hydrothermal reaction was known as AgCo(CO),/CFP.

2.3 Preparation of AgCoPO,/CFP

AgCoPO,/CFP was prepared from the precursor AgCo(CO),/CFP
through a phosphorization step. At first, AgCo(CO),/CFP
precursor and NaH,PO,-H,O (1.0 g) were respectively put in
a porcelain boat. NaH,PO,-H,0 was infixed into the tubular
furnace and put it near the upstream side of the nitrogen gas
flow. It was then heated to 380 °C in N, atmosphere and kept at
this temperature for 3 h. We referred to the product after the
phosphorization which was produced on the surface of CFP as
AgCoPO,/CFP. Note that the loading amount of the catalysts on
CFP was around 0.6 mg cm ™2 after the phosphorization process.

2.4 Electrochemical measurements

All the electrochemical measurements were carried out on
Ingsens electrochemical workstation with a three-electrode
system, in which a Hg/HgO electrode worked as the reference
electrode, a carbon rod worked as the counter electrode and the
catalyst was used as the working electrode. For comparison,
HER was measured using Pt-C powder as the working electrode.
Before electrochemical measurements, the electrolyte was
absolutely eliminated dissolved gases by purifying with N, for
0.5 h. After stabilizing the current after 30 cycles of cyclic

15752 | RSC Adv,, 2022, 12, 15751-15758

View Article Online

Paper

voltammetry (CV) tests, linear sweep voltammetry (LSV) with
a scan rate of 5 mV s~ ' was conducted in 1.0 M NaOH for HER.
As for urea oxidation reaction (UOR), the measurements were
measured in 1.0 M NaOH containing 0.5 M urea with the same
scan rate. The in situ grown material was clamped with two
electrode clips, and the contact area between the material and
the electrolyte was 1.0 x 1.0 cm? as the anode and cathode of
the working electrode in a single compartment as for overall
water splitting. All measurements were based on the Nernst
equation. The final potentials were calibrated to reversible
hydrogen electrode (RHE): E(RHE) = E(Hg/HgO) + 0.098V +
0.059 x pH. Double layer capacitances were acquired through
CVs at different scan rates, from 100 to 420 mV s ! in the
potential range of —1.0 ~ —0.6 V vs. RHE. The durability test
was detected by a static over-potential for 25 h at —0.032 V in the
cathode. During this time, the change of current with time was
recorded.

3. Results and discussion

3.1 Structure and morphology characterization of as-
prepared materials

As illustrated in Scheme 1, the solution of Co(NO;), and AgNO;
was thoroughly stirred and placed with CFP within a hydro-
thermal reactor at 110 °C for 10 h to obtain precursor
AgCo(CO),/CFP. AgCo(CO),/CFP was phosphorized to form the
final AgCoPO,/CFP with PH;, which was generated via decom-
position of NaH,PO,-H,0.

X-ray diffraction (XRD) analysis was firstly used for material
characterization. Fig. 1a showed the XRD pattern of the
precursor. The composite exhibited a profile similar to the
pattern of AgCo(CO), with major diffraction peaks. After
comparing with the PDF standard card, we found that the main
peaks at 17.9°, 21.3°, 33.3° and 35.8° was corresponding to the
(220),(—131),(061),and (-3 5 1) planes of AgCo(CO), (PDF#
75-1810). In addition, the corresponding peaks of carbon fiber
paper matched well with standard cards (PDF#75-2708). The
morphology of the prepared product was then investigated by
scanning electron microscope (SEM) (Fig. 1b and c). AgCo(CO),/
CFP showed nanorod structure and the tip of the nanorods had
large whiskers. In addition, the homogeneous distribution of
AgCo(CO), on CFP was proven by the corresponding elemental

Carbon fiber paper(CFP) AgCo(CO),/CFP AgCoPO,/CFP
\‘,n\.‘\‘" ” \‘ Co¥ ".\g' (M\"’° ‘
] , 8° ’
\ [ : NILF
10°C 10 N

Hydrothermal Processes 380°C 3h

Phosphorization Reaction

Scheme 1 Schematic illustration of the fabrication process of
AgCoPO4/CFP nanorods.
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Fig.1 (a) X-ray diffraction (XRD) patterns of AgCo(CO),/CFP. (b and c) SEM images of nanorods AgCo(CO),/CFP at different magnifications. (d)
Scanning electron microscope (SEM) images of magnified top of nanorods AgCo(CO)4/CFP. (e—h) Energy dispersive X-ray spectroscopy (EDS)
elemental mapping of Ag (purple) (e), Co (green) (f), O (blue) (g) and C (red) (h).

mapping images of Co, Ag, O, and C elements (Fig. 1d-h
and S17).

After phosphorization, the main diffraction peaks were
consistent with the pattern of AgCoPO,. The main diffraction
peaks at 14.2°, 25.2°, 30.5°, 35.8° and 38.3° can be assigned to
the (00 1), (0 —=3 1), (—2 0 2), (0 1 2), and (—2 1 2) planes of
AgCoPO, (PDF#83-1628) (Fig. 2a). The corresponding peaks of
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CFP matched well with standard cards. These results demon-
strated that AgCo(CO),/CFP precursor had been transformed
into AgCoPO,/CFP after phosphorization. Fig. 2b and ¢ showed
that the AgCoPO,/CFP nanostructure obtained by thermal
phosphorization. It was composed of randomly oriented
nanorods with a regular rhomboid structure at the top and
a rhomboid side length was 1.1 pm. The whisker structure on

Fig.2 (a) XRD patterns of AgCoPO,4/CFP. (b) SEM images of AgCoPO,4/CFP. (c—e) TEM images at different magnifications. (ff HRTEM micrograph.
(g—k) Energy dispersive X-ray spectroscopy (EDS) elemental mapping of O (orange) (h), Ag (green) (i), Co (red) (j), and P (chartreuse) (k).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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tip of the precursor nanorods was transformed into a smooth
diamond tip after phosphorization (Fig. 2b, ¢ and S2t). The
change had little effect on the thickness and width of nanorods
(Fig. S3t). Transmission electron microscopy (TEM) and high
resolution TEM (HRTEM) images of AgCoPO,/CFP revealed the
edge of nanorods and well-resolved interplanar distance
between faces of the lattice fringes of 0.273 and 0.180 nm, which
were indexed to the (1 0 2) and (0 —3 1) plane, and their facet
angle was 80.0° (Fig. 2d-f). High magnification element plotting
showed that O (Fig. 2h), Ag (Fig. 2i), Co (Fig. 2j), and P (Fig. 2k)
were evenly distributed on the whole nanorods.

3.2 Electrochemical performances of AgCoPO,/CFP

Linear sweep voltammetry (LSV) measurements in a three-
electrode system (reference electrode: Hg/HgO electrode,
counter electrode: carbon electrode) were performed to study
the HER properties of the prepared materials. The HER activi-
ties of the catalyst with various Co : Ag ratios were firstly tested.
The HER catalytic activity was related to silver loading, where
the catalytic activity reached the highest performance at the
Co : Ag mole ratio of 9:1 (Fig. 3a). After determining the
optimal ratio (Co : Ag = 9 : 1), we performed linear sweep vol-
tammetry (LSV) measurements to study the HER properties of
AgCo(CO0),/CFP, AgCoPO,/CFP and Pt-C/CFP samples in 1 M
NaOH electrolyte. As expected, at 10 mA cm >, Pt-C/CFP
showed an overpotential (n) of about 0 mV (vs. RHE), which
was consistent with the reported value.'*** AgCo(CO),/CFP

View Article Online
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showed poor activity with an overpotential of about 250 mV. The
performance of AgCoPO,/CFP could be greatly improved, for
which a current density of 10 mA cm™> only needed an over-
potential of 32 mV (Fig. 3b). It was better than most phosphate
catalysts in alkaline medium (Tables S1 and S27). A plot known
as the Tafel plot using the logarithmic relationship between 7
and current density is commonly used to assess electrode
performance. The Tafel slope was considered as the growth
ratio of the current to the overpotential, mainly determined by
the transfer coefficient. Hereby, from the LSV polarization curve
we got the Tafel slope in Fig. 3c. The experimental data of all
tested catalysts was consist with the Tafel equation n = b log(j +
a), where b was the Tafel slope and j was the current density in
different overpotential ranges.**** The as-obtained AgCoPO,/
CFP possessed a Tafel slope of 34.4 mV dec™ ', which was close
to that of Pt/C (30.0 mV dec '), greatly lower than those of
AgCo(CO),/CFP (237.9 mV dec ') and CFP (447.8 mV dec '),
suggesting that the kinetics toward the HER was greatly
improved (Fig. 3c).

In order to further study the high HER activity of AgCoPO,/
CFP nanorods, the reaction resistance was studied by electro-
chemical impedance spectroscopy (EIS), which reflected the
charge transfer ability of the electrocatalyst. EIS was operated at
the fixed voltage of 0.55 V (Fig. 3d and S47). R, represents ohm
resistance, and R represents charge transfer resistance
between AgCoPO,/CFP and electrolyte interface. Nyquist plots
showed that AgCoPO,/CFP presented lower semicircle diameter
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Fig. 3

(a) Hydrogen evolution reaction (HER) properties: polarization curves for Co : Ag/CFP (Co: Ag=9:1,9.5:05,8:2,10:0)in 1M NaOH

with a scan rate of 5mV s™*. (b) Polarization curves without iR compensation for AgCoPO,/CFP and AgCo(CO)4/CFP and Pt—C/CFP. (c) Tafel plot
extracted from the corresponding polarization curves with iR compensation. (d) Nyquist plots of the AgCo(CO)4/CFP and CFP with an applied
bias of 0.4V, inset is AgCoPO,4/CFP. (e) Vyclic voltammetry (CV) scans for AgCoPO,4/CFP nanorod structure in 1 M NaOH and capacitive current
at —0.8 V as a function of the scan rate. (f) [-t curves of AgCoPO,4/CFP for 25 h at —0.032 V in the cathode.
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than that of AgCo(CO),/CFP and CFP, indicative of the improved
charge transfer property of the AgCoPO,/CFP electrode.

Electrochemical active surface area (ECSA) is an effective
method to estimate the relative activity of electrocatalysts. CV
was used to measure the double-layer capacitance (Cq;) between
—1.0 and —0.6 V and to evaluate the ECSA.**** As shown in
Fig. 3e, the Cg; of AgCoPO,/CFP nanorods was 69.27 mF cm ™2,
which was larger than that of AgCo(CO),/CFP (11.56 mF cm ™ ?)
(Fig. S51), suggesting that the rod-like nanostructures had more
active sites for contact with electrolyte after thermal phospho-
rization. In addition, it can be seen from the current-time (I-¢)
curve that AgCoPO,/CFP electrode's catalytic performance
showed little change after continuous operation for 25 h
(Fig. 3f), indicating that the AgCoPO,/CFP electrode had good
stability in 1.0 M NaOH solution.

3.3 The mechanism of the excellent catalytic performance

In order to explore the mechanism for the excellent catalytic
performance of AgCoPO,/CFP, the hydrophilicity, chemical
environment and corresponding electronic states of the catalyst
before and after hydrogen evolution reaction were thoroughly
discussed. The contact angle of AgCoPO, with water was 32.3°.
However, the contact angle of CFP with water was 145.9°.
Through the contact angle measurements, it was proved that
the surface wettability of the CFP was enhanced (Fig. 4a—c). In
addition to the surface wettability, the introduction of phos-
phate is also very important for improving the catalytic perfor-
mance of HER. Although the precursor AgCo(CO), showed good
wettability, the catalytic effect was not ideal. Not only did the
introduction of phosphate group act as a proton acceptor,
facilitating the oxidation of the metal species, but also it
promoted metal synergistic catalysis and further facilitated
hydrogen evolution reaction.?”*® The decent surface wettability
of AgCoPO,/CFP was good for the adsorption of electrolyte on
the electrode surface, and further promoted the hydrogen
precipitation.

The chemical states of AgCoPO,/CFP and surface composi-
tion were analyzed by XPS before and after HER (Fig. S6). Two
doublets can be observed before and after alkaline HER reac-
tion. The two peaks at binding energies of 374.4 and 368.4 eV
can be assigned to Ag 3dj, and 3ds;.** According to the
calculation of peak area, Ag" : Ag® (area ratio) increased mark-
edly from 1.29 to 1.45 (Fig. 5a). Especially, the binding energy
also changed greatly, indicating that the coulomb or

32.3°

Fig. 4 Contact angle measurements of (a) CFP (b) AgCo(CO),/CFP
and (c) AgCoPQ,4/CFP.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The XPS spectra of (a) Ag 3d; (b) Co 2p; (c) O 1s; (d) P 2p.

polarographic interaction between Ag and Co led to the increase
of electron transfer.”®*°

Fig. 5b showed the Co 2p spectrum had high resolution XPS
and Co 2p;, peaks at 782.3 eV, which were assigned to Co** and
Co>". Small peaks located at 783.5 eV and 786.9 eV are desig-
nated as satellite peaks.*** The ratio of Co®" and Co** for
AgCoPO,/CFP was about 1.32 before the reaction, and it
changed to 1.50 after the reaction for 25 h. Thus, the Co on the
surface was oxidized to a higher state during HER, which
favorable for HER. This can also be confirmed from the acti-
vation process of CV curves. The peak of the oxidation from Co**
to Co®" appeared near 0.3 V and 1.25 V.**** Compared with the
raw material at the Co : Ag mole ratio of 10 : 0, more obvious
oxidation peak appeared. When Ag was introduced into the
material, the new peak value in the vicinity of 1.25-1.5 V
belonged to the oxidation from Ag to Ag". The high valence state
of metal played a major role in the catalytic reaction, promoting
the rapid progress of catalytic reaction (Fig. S7t). The high
resolution XPS spectra showed three oxygen components of O
1s: oxygen within a metal oxide environment (Co-O at 530.6 eV
and 530.8 eV),"** oxygen in phosphate environment (O-H at
531.4 eV) and oxygen vacancy (Ov at 532.5 eV).>*** Before the
alkaline HER, the oxygen in different states was Co-O: O-
H:Ov = 1:1.2:1.0, but it changed to Co-O:0-H:0Ov =
1:1.2:0.8 after alkaline HER (Fig. 5¢). The peak analysis after
fitting of P 2p displayed different P-O bindings (PO,*” at
135.0 eV, M-P-O (M = Co, Cu) at 133.6-134.2 eV). Here, the
PO,*~ belonged to the AgCoPO, phase (Fig. 5d).>>

The TEM images after alkaline recycling were presented in
Fig. 6a. They possessed similar nanorod-like structure, which
indicated that AgCoPO,/CFP after alkaline recycling still
possessed intrinsic stability. HRTEM image showed a nanorod-
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Fig. 6 Structural and compositional evolution of the AgCoPO,4/CFP
electrode after HER: (a and b) TEM images at different magnifications.
(c) HRTEM images. (d—h) Energy dispersive X-ray spectroscopy (EDS)
elemental mapping of P (orange) (e), Ag (chartreuse) (f), O (red) (g) and
Ag (green) (h).

like structure of AgCoPO,/CFP on the edge (Fig. 6b). Moreover,
the lattice spacing of 0.267 and 0.288 nm belonged to (1 2 0) and
(21 —2) planes in AgCoPOy, their facet angle was 66.7° (Fig. 6¢).
Furthermore, the corresponding elemental mappings demon-
strated the uniform distribution of Ag, Co, P, and O elements in
AgCoPO, (Fig. 6d-h). Therefore, the change of hydrophilicity
and surface electronic structure caused by the synergistic effect
of bimetal and the exposure of catalytic active sites contributed
to the high catalytic activity of AgCoPO,/CFP in HER.

3.4 Excellent urea oxidation reaction (UOR) activity

The traditional catalysts for HER and OER are RuO, and Pt on
the basis of extremely rare and expensive precious metals.** It is
important to develop alternative electrolytic cells. AgCoPO,/CFP
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Fig. 7 (a) LSV curves of AgCoPO,4/CFP for OER and UOR. (b) Tafel
plots. (c) Polarization curves of AgCoPO4/CFP||AgCoPQO4/CFP elec-
trolyzer in 1 M NaOH and 1 M NaOH + 0.5 M Urea. (d) The current—
time curve of AgCoPQO,4/CFP||AgCoPO,4/CFP electrolyzer at a constant
current density of 10 mA cm™2in 1 M NaOH + 0.5 M urea.
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not merely had good HER catalytic activity. Urea is notorious for
environmental problems, but it is a promising option for
producing H, in electrolytic cell.** After UOR, urea decomposes
into inert N, and carbon dioxide. When UOR is applied to
replace OER, energy consumption and security problems can be
solved.”® We also tested different UOR and OER processes with
different proportions of Ag, and the results proved that Co : Ag
=9:1 (AgCoPO,/CFP) had the best performance (Fig. S8t). The
electrochemical properties of AgCoPO,/CFP on OER and UOR
were tested respectively in 0.5 M urea + 1.0 M NaOH electrolyte.
The electrode potential of AgCoPO,/CFP for UOR at 15 mA cm 2
was 1.43 V (Fig. 7a), which had a low Tafel slope at 49.1 mV
dec™" (Fig. 7b). At 10 mA cm ™2, the potential of UOR is 180 mV
lower than OER, the energy required for urea oxidation was
significantly lower than that for water oxidation. We had
developed an electrolytic cell using AgCoPO,/CFP as anode and
cathode electrocatalysts (Fig. S91 and 7a). As we can see in
Fig. 7c, the cell voltage needed by the AgCoPO,/CFP||AgCoPO,/
CFP electrolyzer in 1 M NaOH + 0.5 M urea at 10 mA cm > was
1.45 V (Fig. 7c), lower than that of water splitting (1.54 V), which
proved that urea oxidation assisting hydrogen production can
reduce the energy consumption of hydrogen production. In
addition, to evaluate the stability of AgCoPO,/CFP in HER-UOR
cell, a constant current test was performed. Fig. 6d showed that
after 18 h of electrolysis, the cell voltage had no obvious
attenuation, indicating that AgCoPO,/CFP had good durability
as the bifunctional electrode for urea-assisted electrochemical
hydrogen production.

4. Conclusions

In this work, a simple and controllable self-supported method
was used for the synthesis of AgCoPO,/CFP nanorods. The
synthesized AgCoPO,/CFP nanorods exhibited excellent
alkaline hydrogen evolution catalytic performance and
remarkable long-term durability. Under 10 mA cm™> of 1 M
NaOH, it showed an overpotential decrease of 32 mV and the
Tafel slope was 34.4 mV dec . The rod-like nanostructures
had significant electrical conductivity, which promoted the
complete contact between the active site and electrolyte, and
further accelerated the gas desorption process through the
conversion of hydrophobic and hydrophilic properties. It also
could be used as the anode and cathode of the electrolytic cell
and had decent overall water separation performance. This
study on the structure-performance relationship shed light
on the controllable design of low-cost and efficient transition
metal phosphorylation catalysts in the future. In addition, the
AgCoPO,/CFP nanorods synthesis method mentioned in this
study had low requirement preparation conditions, which
holds the promise of achieving relatively large-scale indus-
trial production and applying it to emerging energy
technologies.
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