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Using only low-cost materials to achieve a solar-to-hydrogen (STH) efficiency of over 20% for solar water
splitting systems is still a major challenge for realizing the practical feasibility of photoelectrochemical (PEC)
hydrogen production technology. Utilizing the electrochemical instability of some metal organic
framework ligands is a promising strategy to solve the problem of difficulty in controlling the degree of
electrochemical self-reconstruction and obtaining high-performance water oxidation catalysts. Here,
a monolithic perovskite/silicon tandem solar cell was used for highly efficient standalone solar water
splitting. A self-reconstructed NiCoFe-based hydroxide nanosheet electrocatalyst was shown to exhibit
remarkable oxygen evolution reaction performance with an overpotential of 191 mV at 10 mA cm™2.
Upon pairing with the reported state-of-the-art hydrogen evolution reaction catalyst NiMos/MnOs_x and
a monolithic perovskite/silicon tandem solar cell, an unprecedented STH efficiency of 21.32% was
achieved for the unbiased solar water splitting system. This low-cost high-efficiency solar water-splitting
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Introduction

To realize global renewable energy transformation, it is neces-
sary to develop a means of portable energy storage to solve the
intermittent problem of solar power generation." Hydrogen is
an ideal clean fuel because of its high specific energy density
and optimal energy conversion between water and hydrogen.
Water electrolysis driven by photovoltaics (PVs), which absorb
light and generate electron-hole pairs that participate in the
hydrogen evolution reaction (HER) and oxygen evolution
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system will contribute to realizing the practical applications of PEC hydrogen production technology.

reaction (OER), have exhibited the highest efficiencies,> as
shown in the summary of recent PV-driven electrolysis systems
(Table S17).

The United States Department of Energy has set a target of
20% solar-to-hydrogen (STH) efficiency to achieve the market
competitiveness of PEC water decomposition systems.> STH
efficiencies of up to 20% have been demonstrated using III-V
semiconductors and noble-metal-based catalysts.*® However,
the high cost of manufacturing these materials limits their use
in practical applications. A  2-terminal perovskite/
monocrystalline silicon (perovskite/Si) tandem solar cell with
an open circuit voltage (V,) of 1.92 V has recently emerged as an
attractive low-cost candidate for replacing III-V multi-junction
solar cells to drive water splitting, reaching a certified power
conversion efficiency of 29.15%.” Although the perovskite/Si
tandem solar cell combined with TiC/Pt and NiFe LDH as
HER and OER catalysts has exhibited a STH conversion effi-
ciency of 18.7%, it still suffers from limitations of noble-metal-
based catalysts and a STH conversion efficiency of 20%.* Hence,
further research is required to fulfill the requirements of high
efficiency, low cost, and durability for practical applications.

An excellent electrocatalyst can effectively improve the STH
efficiency and durability of solar water splitting systems.” The
electrochemical water splitting process involves two half-cell
reactions: the OER and the HER. Compared to the HER, the
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OER has slower reaction kinetics because it involves four-step
electron transfer and multiple reaction intermediates.’® Over
the past decade, first-row transition metal-based compounds
(e.g., Ni-, Co-, and Fe-based hydroxides) have attracted consid-
erable interest in the search for noble-metal-free materials as
high-performance OER electrocatalysts."*** Self-reconstruction
is an effective strategy to improve the catalytic performance
without changing the metal active sites. In the OER, M-B,'*"’
M-P,'®" M-N,**** M-S,**** and M-Se**** catalysts are recon-
structed on the surface to form MO,/MOOH catalytic active
centers, thus improving the catalytic performance. Neverthe-
less, the degree of reconstruction is difficult to control during
the OER process, which results in inferior catalytic performance
or stability.>®

Here, we utilize the electrochemical instability of thiophene
metal organic framework (MOF) ligands to ensure that the
catalytic material can be completely self-reconstructed during
the electrochemical activation process. Thus, a NiCoFe-based
and highly efficient water-oxidation catalyst was obtained. A
water splitting performance of 1.46 V and 10 mA cm 2 was
obtained by combining it with the hydrogen evolution catalyst
NiMo,/MnO;_x with excellent performance. Upon pairing with
a monolithic perovskite/Si tandem solar cell, self-driven solar
water splitting with an unprecedented STH efficiency of 21.32%
was achieved. This represents the highest efficiency achieved so
far for a PEC system based on an inexpensive material for
unassisted voltage-driven solar water splitting. As revealed by
our results, complete self-reconstruction of the material is
ensured by utilizing the electrochemical oxidation instability of
the MOF structure, which offers immense opportunities to
further improve the efficiency and reduce costs.

Results and discussion
Material characterization

MOF nanosheets were prepared via a hydrothermal reaction of
a salt solution of Ni, NiFe, NiCoFe, and 2,5-thio-
phenedicarboxylic acid, and named Ni-TDC, NiFe-TDC, and
NiCoFe-TDC, respectively. Fig. 1a shows the self-reconstruction
results of the structural change from MOFs to an amorphous
material (named NiCoFe-TDC-AC) under electro-oxidation
conditions. Field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) images
revealed that the nanosheet structure of these catalysts changed
slightly during the process of self-reconstruction (Fig. 1b, c, e, f
and S1t). The X-ray diffraction (XRD) patterns of the three MOFs
are presented in Fig. S2.7 Their peaks are very similar and
consistent with those in the simulated results, indicating that
the three MOFs have been successfully prepared and have
a similar lattice structure. Fig. 1d and g show that pristine
NiCoFe-TDC has a perfectly ordered structure with a clear
lattice, whereas NiCoFe-TDC-AC has a disordered structure,
corresponding with the XRD spectra of NiCoFe-TDC obtained at
different times during cyclic voltammetry (CV) (Fig. 2b). Energy-
dispersive X-ray (EDX) spectroscopy revealed that Ni, Co, and Fe
were evenly distributed over NiCoFe-TDC-AC. The disappear-
ance of the element S verifies that the thiophene ligand of
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NiCoFe-TDC is completely oxidized after electrochemical acti-
vation treatment (Fig. S31). The S content is also revealed to be
5.9 ug ml~" (NiCoFe-TDC) and 0.37 ug ml~" (NiCoFe-TDC-AC)
with nearly the same molar ratios of Ni/Co (8.98: 1) and Fe/
Co (3.59:1), as determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) measurements. This
indicates that the S content decreased significantly, and these
metal elements could be preserved during the process of self-
reconstruction.

Evaluation of electrochemical activity

To preliminarily investigate the electrochemical activation of
NiCoFe-TDC, typical CV cycling was carried out in a 1 M KOH
medium at a scan rate of 50 mV s~ * without iR compensation
(pH = 13.8, Fig. 2a). Unexpectedly, the OER current increased
significantly following the first 30 cycles (Fig. 2a). This increase
in intensity is related to the continuous reconstruction of the
amorphous hydroxide/oxyhydroxide species of NiCoFe-TDC-AC.
The corresponding XRD spectrum of NiCoFe-TDC at different
times of the CV scan shows that the MOFs were transformed
into an amorphous structure and only the characteristic peaks
of Ni foam existed after the first 15 cycles (Fig. 2b). The OER
activities of the catalysts were evaluated using linear sweep
voltammetry (LSV) at a scan rate of 1 mV s~ with iR compen-
sation (Fig. 2c). These catalysts were NiCoFe-based hydroxide,
NiFe-based and Ni-based thiophene MOFs, named NiCoFe-OH,
Ni-TDC-AC, and NiFe-TDC-AC, respectively. The activities of
these catalysts were also characterized in terms of the OER for
comparison. Among the four catalysts, Ni-TDC-AC exhibited the
highest overpotential of 252 mV to reach a current density of 10
mA cm 2. NiCoFe-OH and NiFe-TDC showed better perfor-
mance with overpotentials of 235 mV and 208 mV, respectively.
NiCoFe-TDC-AC had the lowest overpotential of 191 mV and is
outperformed by 44 mV as compared to NiCoFe-OH, which has
the same metal active center but is synthesized by the hydro-
thermal method. Tafel slope analysis (Fig. 2d) confirmed the
enhanced OER catalytic activity of NiCoFe-TDC-AC, for which
we derived a value of 33 mV dec™*, which is much smaller than
the values of 50 mV dec ', 68 mV dec !, and 98 mV dec*
derived for NiFe-TDC, NiCoFe-OH, and Ni-TDC-AC, respectively.
Interestingly, NiCoFe-TDC-AC was found to have a smaller
double-layer capacitance of 1.42 mF cm > (Cq), derived from
the CV curves (Fig. S4-S61), than NiCoFe-OH (3.67 mF cm ?)
and NiFe-TDC-AC (5.02 mF cm™ ), shown in Fig. S7.1 In addi-
tion, we found that NiFe-TDC-AC has the largest electro-
chemical active surface area (ECSA) of 125.5 cm” as compared to
NiCoFe-OH (91.8 ¢m?) and NiCoFe-TDC-AC (35.5 cm?), sug-
gesting the minimal exposed active sites of NiCoFe-TDC-AC.
The polarization curves of the different samples were normal-
ized by the ECSA. NiCoFe-TDC-AC still exhibited a better OER
catalytic performance than NiCoFe-OH and NiFe-TDC-AC,
indicating that the intrinsic activity of NiCoFe-TDC-AC is
higher (Fig. S87). A one-time constant model, which consists of
solution resistance (Ry) in series with one parallel constant
phase element resistance (CPE-R.), fits the experimental data
well at all the overpotentials tested (Fig. S9T). Electrochemical

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Structural characterization of NiCoFe-TDC and NiCoFe-TDC-AC. (a) Schematic diagram for the self-reconstruction result of the NiCoFe-
TDC pre-catalyst under electro-oxidation conditions. (b) SEM image, (c) TEM images, and (d) the corresponding FFT spectrum of NiCoFe-TDC.
(e) SEM image, (f) TEM images, and (g) the corresponding FFT spectrum of NiCoFe-TDC-AC. STEM EDX chemical maps for (h) Ni, (i) Co, and (j) Fe

of a representative NiCoFe-TDC-AC nanosheet.

impedance spectroscopy (EIS) further indicated that NiCoFe-
TDC-AC had the smallest charge transfer resistance (R, 1.40
Q); thus, the fastest electrode kinetics is expected, as compared
to Ni-TDC-AC (3.54 Q), NiFe-TDC-AC (7.07 Q), and NiCoFe-OH
(42.69 Q). The turnover frequency (TOF) is the most suitable
metric to evaluate the OER activity.>’** From our analysis, the
NiCoFe-TDC-AC catalyst exhibits the highest TOF of 2.54 x 10>
s~ ', which greatly exceeds those of NiCoFe-OH (6.50 x 10 °
s~ 1), NiFe-TDC-AC (4.71 x 10° s7'), and Ni-TDC-AC (1.4 x
107" s7"), as shown in Fig. 2e. This confirms the trend observed,
suggesting that NiCoFe-TDC-AC is substantially more active
than the others; the difference arising from the intrinsic
structural and electronic differences. We synthesized a state-of-
the-art HER catalyst, NiMo,/MoO;_x (Fig. S101).>** The water
splitting activity of NiMo,/MoO;_x with NiCoFe-TDC-AC was

This journal is © The Royal Society of Chemistry 2021

evaluated using a two-electrode system. The LSV curves
(Fig. S111) show an excellent water splitting performance of
1.46 V and 10 mA cm 2, indicating that this catalyst outper-
forms most previously reported noble-metal-free water splitting
electrocatalysts (Table S2t). The stabilities of these two catalysts
were investigated by chronopotentiometry at 10 mA cm™>, 50
mA cm 2, 100 mA cm ™2, and 500 mA cm ™ (Fig. 2f). Notably,
both catalysts exhibit excellent stability with negligible poten-
tial increases at current densities of 10 mA cm ™2, 50 mA cm ™2,
and 100 mA cm % Even when the current density is 500 mA
cm™?, the potential increase rate of the water splitting system is
only 0.8 mV h™". The ICP results of NiCoFe-TDC-AC after the
OER stability test still exhibit similar molar ratios of Ni/Co
(8.98 : 1) and Fe/Co (3.59 : 1) as of NiCoFe-TDC-AC, indicating
that the elementary composition of the catalyst is consistent.

J. Mater. Chem. A, 2021, 9, 14085-14092 | 14087
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Fig. 2 Evaluation of OER electrochemical activity on Ni foam. (a) CV curves of NiCoFe-TDC-AC at 50 mV s~* scan rate. (b) Corresponding XRD
spectrum of NiCoFe-TDC at different times of CV scan. (c) LSV curves of different catalysts at 1 mV s~ ! scan rate with iR correction. (d) Tafel plots
of NiCoFe-TDC-AC, NiFe-TDC-AC, NiCoFe-OH and Ni-TDC-AC. (e) TOF calculated from the current density at the iR-corrected overpotential
of 300 mV. (f) Chronopotentiograms of NiMo4/MoOs_x@NiFe-TDC-AC at a constant current density of 10 mA cm™2, 50 mA cm 2,100 mAcm™2,

and 500 mA cm™2.

Also, no Ni, Co and Fe ions were detected in the electrolyte
before and after the ICP test, indicating that the material has
excellent electrochemical stability (Table S37).

Mechanistic investigations

To further identify the amorphous species and determine the
actual process of self-reconstruction, Fourier transform infrared

14088 | J Mater. Chem. A, 2021, 9, 14085-14092

(FFT) spectra were obtained. First, we tested the original MOFs
of NiCoFe-TDC and Ni-TDC. Characteristic thiophene peaks are
clearly shown in Fig. S12 and S13.1 For these MOFs after the
electrochemical activation treatment of NiCoFe-TDC-AC and Ni-
TDC-AC, these characteristic thiophene peaks nearly dis-
appeared, further confirming the self-reconstruction.

To identify the chemical states of these elements, X-ray
photoelectron spectroscopy (XPS) and X-ray absorption

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Electronic structure characterization and mechanistic investigations of NiCoFe-TDC and NiCoFe-TDC-AC. (a) High resolution Ni 2p, (b)
normalized Ni K-edge XANES spectra, (c) high resolution Co 2p, (d) normalized Co K-edge XANES spectra, (e) high resolution Fe 2p, and (f)

normalized Fe K-edge XANES spectra.

spectroscopy (XAS) were performed. Fig. S141 shows the survey
spectra of NiCoFe-TDC and NiCoFe-TDC-AC. NiCoFe-TDC
mainly contains Ni, Fe, Co, C, S, and O, and the position of
each peak was calibrated according to the position of C 1s (284.8
eV). For NiCoFe-TDC-AC, the peak of S disappeared, coinciding
with the EDS mapping and ICP results (Fig. S151). The change
in the electronic structure of O was also investigated (Fig. S167),
where the dominant peaks of O 1s originating from O=C-O
(531.50 eV) distinctly shifted to a lower binding energy of

This journal is © The Royal Society of Chemistry 2021

531.03 eV from the M-O-M group, further demonstrating the
formation of oxyhydroxide during the water oxidation
process.**** The high-resolution spectrum of Ni 2p clearly
reflects that the main Ni 2p3/2 of NiCoFe-TDC at 856.05 eV
manifests a positive chemical shift of 0.62 eV relative to that of
NiCoFe-TDC-AC (Fig. 3a). This could be ascribed to destruction
of the metal-organic ligand and the Ni atom would be directly
connected with the O atom, which would increase local electron
density and thus result in the lower binding energy of Ni 2p in

J. Mater. Chem. A, 2021, 9, 14085-14092 | 14089
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Fig. 4 Solar-driven water splitting. (a) Schematic diagram of the solar-driven water splitting system. (b) J-V curves of the perovskite cell with
forward and reverse scans. (c) EQE of the perovskite/silicon tandem PV Cell. (d) J-V curve of the perovskite/Si tandem solar cell from the reverse
scan under simulated AM 1.5 G 100 mW cm ™2 illumination and LSV curves of NiCoFe-TDC-AC and NiMo4/MnOs_x electrodes based on the two-
electrode configuration without iR correction. The illuminated surface area of the tandem cell and the electrode was 0.5 cm?. (e) Long-term J—t
test results and the corresponding STH for solar-driven water splitting system during continuous unassisted solar water splitting.

the form of hydroxide.***” Interestingly, two new peaks derived
from Ni** with binding energies of 874.3 eV and 856.7 eV after
electrochemical activation are observed, which could further
confirm the electrochemical formation of NiOOH. Meanwhile,
the disappearance of the characteristic peak of nickel foam is

14090 | J Mater. Chem. A, 2021, 9, 14085-14092

attributed to the oxidation of metal nickel on the surface to
nickel oxide. The Co 2p3/2 spectrum of NiCoFe-TDC also shows
a similar variation trend, indicating the possible structural
evolution from MOF to CoOOH (Fig. 3c). On comparing the Fe
2p spectra of the NiCoFe-TDC before and after the

This journal is © The Royal Society of Chemistry 2021
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electrochemical activation process (Fig. 3e), the peak of Fe 2p3,
at 710.47 eV with a negative chemical shift of 0.62 eV relative to
that of NiCoFe-TDC-AC (711.09 eV) is observed, indicating the
generation of Fe** and self-construction.* We confirmed this by
analyzing the Ni, Co, and Fe K-edge X-ray absorption near edge
structure (XANES) spectra (Fig. 3b, d and f). The K-edge energies
of these three elements in NiCoFe-TDC-AC slightly shift to
a higher absorption energy as compared to those of NiCoFe-
TDC, indicating an increase in the valence state, which is
consistent with the XPS results. These results further confirmed
that the structure changed after electrochemical activation.

Water splitting driven by monolithic perovskite/silicon
tandem solar cell

To demonstrate the potential for unassisted solar-driven water
splitting, a photovoltaic (PV) combined system is designed,
where the perovskite/silicon tandem PV cell is under parallel
illumination (Fig. 4a). For the perovskite single-junction device
stack glass/ITO/NiOx/perovskite/C60/Au, the perovskite solar
cell exhibited a power conversion efficiency (PCE) of 19.68% and
a fill factor (FF) of 84% (J;. = 20.38 mA cm 2, V,. = 1.15 V)
(Fig. 4b). By integrating the external quantum efficiency (EQE)
spectrum (Fig. S177), we calculated a current density of 19.76
mA c¢cm %, which is in good agreement with the J,. obtained
from the J-V test. The stabilized efficiency was 19.36% after
continuous operation at the maximum power point (MPP) for
the 2000s (Fig. S187). As illustrated in Fig. $19,} the monolithic
perovskite/silicon tandem solar cell used in the solar water
splitting system exhibited a PCE of 27.26% (Js. = 19.1 mA cm ™2,
Voec = 1.78 V, and FF = 80%). Furthermore, under standard AM
1.5 G sunlight, it also exhibited an insignificant PCE loss after
60 min of operation (Fig. S20t). The perovskite cell and silicon
cell show integrated current densities of 19.20 mA cm™ > and
19.16 mA cm 2, respectively, which are in good agreement with
the Js. of the J-V measurements (Fig. 4c). Finally, the practical
water splitting performances of NiMo,/MoO;_x and NiCoFe-
TDC-AC were evaluated via two-electrode measurements; the
representative operating performance of the tandem cell is
shown in Fig. 4d. From the intersection of the J-V curves, we can
obtain the predicted operating current density of 18.16 mA
cm~? at a voltage of 1.49 V for the PV combined system. It is
worth noting that the operating point of the water splitting cell
is very close to the maximum power point of the perovskite
tandem cell, indicating that minimal energy is lost when con-
verting electrical energy into chemical energy in this system.
Fig. 4e shows the long-term j-¢ test results and corresponding
STH of the PV system under AM 1.5G 1 sun illumination at zero
bias. The solar water splitting system shows a peak STH effi-
ciency of approximately 21.32% (see detailed calculations in
Formula 41), which was calculated from the steady-state output
of the average water splitting current density of 17.33 mA cm >
in the first 120 min. This is the first time that an entirely earth-
abundant material-based solar water splitting system achieved
an STH efficiency of over 20%. More importantly, the solar water
splitting system can still maintain an STH conversion of more
than 20.43% after a stability test of >8 h.

This journal is © The Royal Society of Chemistry 2021
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Conclusions

In summary, we demonstrated that NiCoFe-based hydroxide
nanosheets can be obtained from the complete electrochemical
self-construction of thiophene MOFs, exhibiting a remarkable
OER performance (191 mV at 10 mA cm™>). A monolithic
perovskite/silicon tandem solar cell was used for unbiased solar
water splitting by pairing NiCoFe-TDC-AC and NiMo,/MnO;_x
as OER and HER catalysts, respectively. An unprecedented STH
efficiency of over 20% based on a completely low-cost solar
water splitting system was achieved under AM 1.5G 1 sun illu-
mination. Based on this work, alternative strategies will be
explored to control the degree of electrochemical self-
reconstruction by further research for a more suitable
precursor to develop robust and low-cost OER catalysts. More-
over, improving the performance of solar cells is expected to
further enhance the overall STH efficiency.
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