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Water electrolysis provides an effective method for energy efficient hydrogen production. The challenge in
this field is how to synthesize electrocatalysts with high activity and stability in water electrolysis reactions.
Herein, a new heterostructure of graphdiyne-iron oxyhydroxide was synthesized by controlled growth of
GDY films on the surface of FeOOH nanowires (FeOOH@GDY). An interface structure with an electron-
donor (GDY) and electron-acceptor (Fe) was formed, which showed the obvious incomplete charge

transfer between GDY and Fe atoms at the interfaces. This produces infinite active sites which guarantee
Received 24th February 2023 llent catalytic activity. The GDY the surfaces of oxyhydroxides endows the electrocatalyst
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Introduction

Hydrogen (H,), a clean-energy carrier/fuel with the potential to
replace hydrocarbons, plays an important role in a future
sustainable energy system.' Water electrolysis which contains
the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER) has been widely considered to be an ideal
method for efficient H, production and has attracted largely
increased attention from researchers over the past few
decades.”™* However, the sluggish reaction kinetics for the HER
and OER seriously limits the overall performance of a water
electrolysis device. To overcome this application performance
bottleneck, extensive efforts have been made to develop elec-
trocatalysts with high activity and stability. Unfortunately,
electrocatalysts with high electrocatalytic performances were
usually noble-metal-based materials such as Pt/C for the HER
and RuO,/IrO, for the OER.*” Their high cost, scarcity, and poor
stability in strong acid or alkali media are limitations to their
practical applications. The rational design and synthesis of
active, stable and low-cost electrocatalysts are still of great
importance.
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ambient conditions and excellent long-term stability.

Among various methods for enhancing catalytic perfor-
mances, constructing efficient interface structures by incorpo-
rating catalysts with carbon materials can effectively improve
the electrocatalytic selectivity, activity, and stability by
enhancing the conductivity, stability, and the number of
surface-active sites and the adsorption/desorption ability of
reactants/intermediates.**® However, traditional carbon-based
materials are usually prepared under extremely harsh condi-
tions, which could easily destroy the composition and structure
of active sites and result in low catalytic activity and stability.

Compared with traditional carbon-based materials, GDY
shows many fascinating characteristics for electrocatalysis,
including sp-/sp>-cohybridized and large m-conjugated all-
carbon two-dimensional networks, natural pores, large
specific surface area, high conductivity, high intrinsic activity,
and excellent stabilities."*™* Specifically, the uneven charge
distribution on the surface of GDY endows it with infinite active
sites and high intrinsic activity. And the unique property of GDY
that it can be controllably grown on arbitrary material surfaces
allows the selective construction of active interfaces with
determined composition and structures. Moreover, the unique
incomplete charge transfer between GDY and metal atoms
could increase the number and the stability of the active
site.”®*® Benefitting from these superiorities, GDY has shown
excellent performances and attracted greatly increasing interest
from the fields of electrocatalysis,'**® photocatalysis,?*"** energy
conversion,*77 etc.?**°

In this study, the highly active and stable OER, HER, as well
as OWS were achieved on the heterostructure of FFOOH@GDY
with electronic-donating and withdrawing interface structures,
resulting in infinite active sites which guarantee excellent

This journal is © The Royal Society of Chemistry 2023
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catalytic activity. The GDY grown on surfaces of oxyhydroxides
endows the electrocatalyst with high stability. For example,
FeOOH®@GDY shows small overpotentials of 205 and 38 mV at
10 mA cm? for the OER and HER in 1.0 M KOH. When
assembled into an electrolyzer, the catalyst can drive 10 mA
cm ™ at a low cell voltage of 1.43 V for more than 115 hours.

Results and discussion

Synthesis and structural characterization

The electrocatalysts of FeOOH®@GDY heterostructures were
synthesized through a simple two-step method (Fig. 1). In brief,
a three-dimensional (3D) electrode was prepared by the growth of
a film of FeOOH nanowires on the surface of 3D carbon networks
(FeOOH NWs). SEM images (Fig. 2a—c) show that the FeOOH
NWs were uniformly and densely grown on the smooth surface of
CC (Fig. S1t). The obtained FeEOOH NWs were then used as
substrates for the in situ growth of GDY via a typical coupling
reaction. After the completion of the reaction, FFOOH@GDY
heterostructured catalysts were obtained. As shown in Fig. 2d-f,
the nanowire morphology was well maintained, but the surface of
the nanowires became rougher after the in situ growth of GDY.
The photograph displays the successful preparation of a centi-
meter-scale FeOOH@GDY electrode with a uniform surface
(Fig. 2g). The FFOOH@GDY electrodes could be bent more than
180° without breaking (Fig. 2h), indicating their high flexibility
which is beneficial for the assembly of electrolysis devices.
Contact measurement (Fig. 2i) demonstrates the super-
hydrophilic properties of FFOOH®@GDY which are beneficial for
facilitating mass/ion diffusion at the electrolyte-catalyst interface
and improving the performance of a catalyst.'>*

TEM images confirm the nanowire morphology of FeOOH
NWs with an average diameter of ~30 nm (Fig. 3a) and a poly-
crystalline structure (Fig. 3b-d). As characterized by HRTEM
(Fig. 3c and d), FeFOOH NWs have two types of lattice spacings of
0.269 and 0.245 nm, which can be ascribed to the (130) and (111)
planes of FeOOH, respectively. After in situ growth of GDY on
FeOOH, the nanowire width increases to ~40 nm (Fig. 3e). The
intimate interface between the FeOOH and GDY (Fig. 3f) confirms

N
FeOOH@GDY HEB ;é( In-situ growth of GDY

Fig. 1 Schematic representation of the controlled synthesis route to
FeOOH@GDY through (a) the growth of FeOOH nanowires and (b) the
in situ growth of GDY.
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Fig.2 The SEM images of (a—c) FeOOH nanowire electrode and (d—f)
FeOOH@GDY electrode. (g) The optical images of the FeFOOH@GDY
electrode and (h) its various bending configurations. (i) The contact
angle measurement of FeEOOH@GDY.

the successful construction of the heterostructure of
FeOOH@GDY. Fringe spacing of GDY increased from 0.365 nm
(pure GDY, Fig. S27) to 0.385 nm (FeOOH@GDY, Fig. 3g), and the
lattice distance of the (130) plane of FeOOH decreased to
0.256 nm. Interestingly, after the growth of GDY on the surface of
FeOOH, the crystal phase of (111) disappeared. Elemental
mapping images (Fig. 3i) show homogeneous distribution of Fe,
O, and C elements over the FFOOH@GDY nanowire. The change
in the crystal structure of FeOOH was further confirmed by the
XRD results. As shown in Fig. 3j, FeOOH shows two obvious peaks
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Fig. 3 The low- and high-resolution TEM images of (a—d) FeOOH
NWs and (e-h) FeOOH@GDY. (i) The overlapping images and
elemental mapping images of C, Fe, and O in FeOOH@GDY. (j) The
XRD patterns of FeOOH and FeOOH@GDY powders scraped from
electrodes. (k) The Raman spectra of FeOOH, GDY, and FeOOH@GDY.

J. Mater. Chem. A, 2023, 11, 9824-9828 | 9825


https://doi.org/10.1039/d3ta01176c

Published on 13 April 2023. Downloaded on 6/2/2024 2:42:45 AM.

Journal of Materials Chemistry A

at 34.7° and 36.6° which correspond to (130) and (111), respec-
tively (ICDD PDF # 081-0436). Only the (130) phase could be
observed in FeOOH®@GDY. These results reveal that the in situ
growth of GDY effectively induces the transition of the (111) phase
to the catalytically active (130) phase,*"** which helps improve the
catalytic activity. Raman spectra (Fig. 3k) show that FFOOH@GDY
contains two dominant regions of FeOOH species (295 and
406 cm™ ') and GDY (D band: 1396 cm™"; G band: 1590 cm™ %
diyne links: 1933 and 2194 cm %), further confirming the
successful incorporation of FeOOH and GDY. This was also
confirmed by the infrared spectrometry (IR; Fig. S31). Compared
with pure GDY and FeOOH, the peaks exhibit negative shifts,
which indicates the strong interactions between FeOOH and
GDY.” In addition, FFOOH®@GDY has a larger intensity ratio of D
and G bands (Ip/I) of 0.97 than pure GDY (0.89), indicating the
formation of more defects after the growth of GDY, which helps
improve the electrochemical activity.*

The chemical states of the samples were further studied by X-
ray photoelectron spectroscopy (XPS). After the in situ growth of
GDY on FeOOH, the intensity of the C 1s peak is greatly enhanced.
Fig. 4a shows the C 1s XPS spectrum of GDY with four charac-
teristic peaks corresponding to C-C (sp), C-C (sp), C-O, and C=
0, and a C-C (sp®) to C-C (sp) ratio of 0.5. For FFOOH@GDY, two
additional peaks at 283.2 and 289.55 eV corresponding to C-Fe
and 7-1v* transitions, respectively, were observed. The formation
of a C-Fe bond would effectively enhance the stability of the
formed interface structures. Besides, the XPS survey spectra
(Fig. S4t) show the co-existence of C, O, and Fe in FFOOH@GDY.
These further confirm the successful growth of GDY on FeOOH
NWs. The high-resolution Fe 2p XPS spectra of FeOOH and
FeOOH@GDY shown in Fig. 4b are well fitted into two spin-orbit
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Fig. 4 (a) The high-resolution C 1s XPS spectra of GDY and
FeOOH@GDY. The high-resolution (b) Fe 2p and (c) O 1s XPS spectra
of FeOOH and FeOOH@GDY. (d) The valence spectra of
FeOOH@GDY, FeOOH, and GDY (e) Schematic representation of the
depth profiling experiments. The sets of (f) C 1s, (g) Fe 2p, and (h) O 1s
XPS spectra of FeEOOH@GDY measured during the depth profiling
experiments. (i) The atomic percentages of C, Fe, and O in
FeOOH@GDY obtained from the depth profiling experiments.
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doublets of Fe** (at 710.35 and 723.87 eV) and Fe** (at 712.37 and
726.70 eV).* Compared with those of GDY, C 1s XPS peaks of
FeOOH®@GDY shift to higher binding energies (BEs) by 0.21 eV
and the Fe 2p XPS peaks of FeOOH@GDY shift to lower BEs,
which indicates the efficient charge transfer from GDY to FeOOH.
The O 1s XPS spectra (Fig. 4c) could be divided into O-Fe (529.68
eV), -OH (531.35 eV), and H,O (531.5 eV) species, respectively. The
valence spectra (Fig. 4d) show that the top of the valence band of
FeOOH@GDY (AE = 1.33 eV) is closer to the Fermi level than
those of GDY (AE = 1.54 €V) and FeOOH (AE = 1.67 eV), indi-
cating the improved conductivity of the catalyst. In order to
examine the components of FFOOH@GDY from the surface to the
inner part, XPS depth profiling (C 1s, Fe 2p and O 1s) was con-
ducted (Fig. 4e).”® As the etching depth increases, the C 1 s
(Fig. 4f), Fe 2p (Fig. 4g) and O 1s (Fig. 4h) XPS spectra of
FeOOH@GDY show that there are no changes in the composi-
tions and chemical states of FFOOH®@GDY, indicating the robust
stability of the catalyst. As the etching depth increases, the content
of Fe increases while the content of C decreases (Fig. 4i), con-
firming the successful coating of GDY on FeOOH.

Electrocatalytic performance studies

The OER catalytic activity of FeEOOH@GDY was first tested in
1.0 M KOH. Samples with different GDY contents have been
synthesized and tested. The FFOOH@GDY sample with a GDY
content of 1.5 mg cm ™2 has the best catalytic activity (Fig. S57).
Fig. 5a shows that FFOOH@GDY has the best OER activity with
the lowest overpotential of 205 mV at 10 mA cm™ > compared to
GDY (384 mV), FeOOH (444 mV), RuO, (394 mV) and CC (862
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Fig. 5 OER and HER performances of the catalysts in 1.0 M KOH
solution. (a) OER polarization curves and (b) corresponding Tafel plots
of the samples. (c) Polarization curves of FeOOH@GDY before and
after OER CV cycling tests (inset: the time-dependent current density
curve). (d) Comparison of the OER catalytic activity of FeEOOH@GDY
with the reported FeOOH-based catalysts. (e) HER polarization curves
and (f) corresponding Tafel plots of the samples. (g) Polarization curves
of FeOOH@GDY before and after HER CV cycling tests (inset: the
time-dependent current density curve). (h) Nyquist plots of
FeOOH@GDY, GDY, FeOOH and CC. The inset displays the magnified
plot. (i) Current density differences of different samples against scan
rates.
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mV). Besides, FFOOH@GDY has a smaller Tafel slope of 56 mV
dec™' than GDY (90 mV dec™ '), FeOOH (201 mV dec™ '), RuO,
(92 mv dec™"), and CC (95 mV dec™ '), which indicates its
superior OER kinetics (Fig. 5b). In addition to excellent OER
activity, FeOOH®@GDY also shows outstanding stability. As
shown in Fig. 5c, there are negligible decreases in current
densities after the continuous cycling test for 6000 cycles and
long-term chronoamperometry test for over 75 h, while FeOOH
NWs show a significant decrease in activity (Fig. S6at). Such
excellent OER performance of FeOOH®@GDY is compared
favorably to those of many recently reported FeOOH-based
electrocatalysts (Fig. 5d and Table S17).

The HER catalytic performance was further studied in 1.0 M
KOH. FeEOOH@GDY has the smallest overpotential of 38 mV at 10
mA ¢cm >, better than FeOOH (90 mV@10 mA cm %), GDY (158
mV@10 mA em2), CC (304 mV@10 mA ecm ™ 2), 20 wt% Pt/C (43
mV@10 mA cm ?) and some reported FeOOH-based electro-
catalysts (Fig. 5e and Table S2}). Moreover, FFOOH@GDY shows
good HER performance with low overpotentials of 87, 117, 135,
and 161 mV at high current density (100, 300, 500 and 1000 mA
cm ?). The smallest Tafel slope of 46 mV dec ' is shown for
FeOOH@GDY in contrast with FeOOH (167 mV dec '), GDY
(65 mV dec™'), CC (230 mV dec '), and Pt/C (59 mV dec ') in
Fig. 5f, revealing the faster reaction kinetics of FFOOH@GDY. The
HER on FeEOOH@GDY proceeds most likely via a Volmer-Heyr-
ovsky mechanism.* The applied overpotential shows no signifi-
cant increases at 10 mA cm™ > after 28 000 continuous CV cycling
cycles and decrease in the current densities after 441 h electrolysis
(Fig. 5g), which demonstrate the excellent long-term stability of
FeOOH®@GDY. In contrast, FeOOH presented poor stability during
the electrolysis process and its HER activity decreased sharply
(Fig. Sebt). These results indicate that the heterostructures of GDY
and FeOOH could significantly improve the stability of the catalyst.

Nyquist plots were obtained by EIS measurements (Fig. 5h)
and fitted with an R(QR)(QR) equivalent circuit model (Fig. S7t)
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Fig. 6 (a) The schematics of a practical water electrolyzer under
working conditions. (b) LSV curves of the catalysts for OWS. (c) The time-
dependent current density curve of FeOOH@GDY|FeOOH@GDY.
(d) Comparison of the OWS catalytic activity of FeFOOH@GDY with that
of the reported FeOOH-based catalysts.
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containing the solution resistance (R;), the charge transfer
resistance (R.) and the gas adsorption resistance (R,q). As pre-
sented in Table S3 and Fig. S8, FeOOH®@GDY shows the
smallest R (4.93 Q) and R, (0.31 Q) compared to FeOOH (R; =
7.68 Q, Re = 1170 Q), GDY (Rs = 5.98 Q, R, = 37.56 Q) and CC
(Rs = 5.49 Q, R, = 1080 Q), indicating the enhanced charge
transfer ability and good electrical conductivity of
FeOOH®@GDY, which could effectively accelerate the catalytic
kinetics of the heterostructure. Higher calculated double-layer
capacitance (Cq) of FEOOH@GDY (5.3 mF cm %) than GDY
(4.5 mF cm %), FeOOH (1.8 mF ¢cm ) and CC (1.5 mF cm ?)
indicates its higher density of catalytically active sites (Fig. 5i
and S97). Accordingly, the calculated electrochemical active
surface area (ECSA) of FEOOH®@GDY is 132.5 cm?, larger than
that of GDY (112.5 cm?), FeOOH (45.0 cm?) and CC (37.5 cm?),*
demonstrating the largest exposed catalytic sites of
FeOOH®@GDY to the reactants and higher surface roughness
assigned to the introduction of GDY, which is beneficial for the
electrolysis. Remarkably, FEOOH@GDY has better catalytic
activities for both the OER and HER processes, higher
conductivity and larger ECSA than pure FeOOH and GDY. These
results indicate that catalytic activity comes from the newly
formed interface structures with unique incomplete charge
transfer between GDY and Fe atoms.

The water electrolysis measurements were performed in
1.0 M KOH, in which FeOOH@GDY was used as both the
cathode and anode (Fig. 6a). FeEOOH@GDY|FeOOH@GDY
shows the best OWS activity with the lowest cell voltage of 1.43 V
(an overpotential of 198 mV) at 10 mA cm~ (Fig. 6b), lower than
that of 20 wt% Pt/C||RuO, (1.63 V), FeOOH|FeOOH (1.64 V),
GDY||GDY (1.83 V) and CC||CC (1.85 V). After a 115 h chro-
nopotentiometry test (Fig. 6c), there is negligible variation in
both catalytic activity and morphology (Fig. S10f) of
FeOOH®@GDY, indicating the reliable long-term performance of
the FeOOH®@GDY|[FeOOH@GDY electrode. These results
demonstrate the excellent activity and long-term stability of
FeOOH@GDY for water electrolysis under alkaline conditions,
outperforming other reported Fe-based catalysts (Fig. 6d and
Table S4+).

Conclusions

In summary, by perfectly utilizing the advantage that GDY can
grow on any substrate, we achieved the in situ controlled growth
of an interface structure with an electron-donor and electron-
acceptor. Detailed structural characterization studies demon-
strate that the precise structure of the catalyst, the highly
uneven charge distribution on the surface of GDY and charge
transfer salt formed greatly improve catalytic performances for
the OER, the HER, and OWS. The overpotentials of the HER and
OER of FEOOH®@GDY are only 38 and 205 mV at 10 mA cm ™~ in
1.0 M KOH. FeOOH@GDY||FeOOH®@GDY can deliver 10 mA
cm 2 for more than 115 h at a cell voltage of 1.43 V.
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