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Abstract

Oxygen evolution reaction (OER) is recognized as a key half-reaction in water
electrolysis for clean hydrogen energy, which is Kinetically not favored and usually
requires precious metal catalysts such as IrO2 and RuO: to reduce the overpotential. The
major challenge in using non-precious metals to replace these precious metal catalysts
for OER is their low efficiency and poor stability, which urgently demands new
concepts and strategies to solve this issue. Herein, we report a universal strategy to
directly synthesize single layer graphene encapsulating uniform earth-abundant 3d
transition-metal nanoparticles such as Fe, Co, Ni and their alloys in a confined channel
of mesoporous silica. The single atomic thickness of graphene shell immensely
promotes the electron transfering from the encapsulated metals to the graphene surface,
which efficiently optimizes the electronic structure of the graphene surface and
therefore triggers the OER activity of the inert graphene surface. We investigated a
series of non-precious 3d metals encapsulated within single layer graphene, and found
that the encapsulated FeNi alloy showed the best OER activity in alkaline solutions
with only 280 mV overpotential at 10 mA cm, and also possessed a high durability
after 10 000 cycles. Both the activity and durability of the non-precious catalyst even
exceed that of commercial IrO> catalyst, showing great potential to replace precious

metal catalysts in OER.
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Context

The increasing demand for clean energy and diminishing fossil energy resources
are stimulating intense research interest in developing earth-abundant energy
alternatives and designing efficient energy-storage devices!. Among many innovative
approaches, the production of hydrogen through electricity-driven water splitting has
attracted great attention in recent years. The oxygen evolution reaction (OER), as a key
half-reaction involved in water splitting, is kinetically not favored and requires a
catalyst to expedite the reaction®, Precious metal catalysts such as IrOz and RuO; are
the state-of-the-art OER electrocatalysts*3, while their applications are hindered due
to their high cost and scarcity. Consequently, tremendous research efforts have been
devoted to developing non-precious metal catalysts. Particularly, earth-abundant 3d
transition metals (TMs) like Fe, Co and Ni have been considered as promising catalytic
materials for replacement of precious catalysts due to their high theoretical activity and
low cost!*°, However, bare 3d TMs catalysts are not stable enough when they suffer
the long-time operation or accelerated degradation measurements under strong alkaline
electrolytes and high overpotential.

Recently, we proposed a strategy to construct a series of 3d TMs encapsulated into
carbon nanotubes or graphitic carbon shells to prevent the corrosion of 3d TMs from
the harsh environment and simultaneously promote the catalytic reaction on carbon
surface due to the electron transfer from encapsulated 3d TMs?%-24, This strategy was
proved efficiently by different research groups in a series of reactions, such as oxygen
reduction reaction (ORR)?* 2426 in fuel cells , hydrogen evolution reaction (HER)?% 2%
21,28 in water electrolysis and triiodide reduction reaction in the dye-sensitized solar
cells (DSSCs)? as well as catalytic oxidation and reduction reactions in heterogeneous
catalysis®® 3L, Previous studies indicated that too thick carbon shell would obstruct the
electron transfer from the metals to the carbon and subsequently decrease the catalytic
activity on carbon surface?! 24, Moreover, the electron transfer significantly rely on the
work function of different metals and their interaction strength with graphene 2% 326,
Therefore, it is significative to develop a universal method to reduce the layer number

of graphitic carbon and meanwhile achieve the encapsulation of all kinds of metals.
2
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Herein, we introduced a facile and universal method for the preparation of single layer
graphene encapsulating uniform 3d TMs, including Fe, Co, Ni and their alloys
nanoparticles (NPs) via a chemical vapor deposition (CVD) process in the channel of
ordered mesoporous silica (SBA-15). As shown in Fig 1, firstly, metal-containing
precursors were filled into the channel of SBA-15 (with a pore size distribution of 7-9
nm) by an impregnation method in methanol solution, and then the samples were heated
to 700 °C under Hy, followed by a CVD of carbon source (acetonitrile) on the metal
NPs formed at high temperature. Due to the confinement of SBA-15 channel, the metal
precursors can firstly form uniform particles under high temperature, and the single
layer graphene will be formed between the metal nanoparticles surface and pore walls
of SBA-15. Hence, the single layer graphene will grow on the surface of the metal NPs
in the channel of SBA-15, and a small quantity of multi-walled carbon nanotubes
(CNTs) will grow on the residual metal NPs outside SBA-15. The final single layer
graphene encapsulating metal NPs on the interlaced CNTSs can be obtained after etching
SBA-15 and bare metals by HF solution. Through the method, a series of single layer
graphene encapsulating 3d TMs (M@NCSs) can be easily prepared, denoted as Fe@NC,
Co@NC, Ni@NC, FeCo@NC, FeNi@NC and CoNi@NC, respectively, according to

the metal types (see Experimental Section in Supporting Information for more details).

SBA-15

CH3C3N
E—

Impregnation

O Metal precursors

&=y Carbon nanotubes

o M@NCs ( M=Fe, Co, Ni, FeCo, PN
FeNi, CoNi)

Fig 1. Schematic illustration of the synthesis process of M@NCs from the metal-
containing precursors and SBA-15.

High-resolution transmission electron microscopy (HRTEM), X-ray diffraction
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(XRD) and X-Ray photoelectron spectroscopy (XPS) were employed to characterize
the structural and electronic properties of the obtained M@NCs. Take the FeNi@NC
sample as an example, the HRTEM images of the unpickled sample (FeNi@NC/SBA-
15) clearly show numerous small NPs inside the ordered mesoporous channel of SBA-
15 (Figure 2a) after the CVD process, which should correspond to the graphene
encapsulating FeNi NPs. After the removal of SBA-15, one can see uniform metal NPs
with an average diameter of 6-10 nm distributed on the interlaced CNTs (Fig 2b-c, S1,
S2a). Further HRTEM analysis (Fig 2c-d, S2b) indicates that the metal NPs were
completely encapsulated by the graphene layer with a layer thickness of around 3.4 A,
which corresponding to the single layer graphene. According to the statistics analysis
of more than 300 HRTEM pictures (Fig 2b), almost 98.5% graphene layer on FeNi NPs
are single layer. In addition, these NPs exhibit a d spacing of 2.1 A, in good agreement
with the (111) plane of the FeNi alloy. The crystal structure of FeNi alloy NPs was
further confirmed by XRD (Fig 2e), which shows the characteristic peaks at 51.8° and
76.4°, corresponding to the (200) and (220) planes of the FeNi alloy, respectively. Note
that the 26.5° peak in the XRD patterns should originate from C (002) of multi-walled
CNTs. The chemical states of these NPs by XPS (Fig 2f) also suggest that both Fe and
Ni in FeNi@NC keep their metallic state, which was consistent with the XRD analysis
and HRTEM results. The metallic characteristics of these NPs further prove that FeNi
NPs are completely encapsulated within the single layer graphene shell, preventing the
oxidation of the FeNi alloy when exposed to air. Likewise, the encapsulation of other
metallic Fe, Co, Ni, FeCo and CoNi alloy within single graphene layer were also
confirmed by the similar characterizations in the supporting materials (Fig S3-12).
These results indicate that a series of uniform 3d NPs and their corresponding alloys
have been successfully encapsulated in single layer graphene shell by using the facile

method.
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Figure 2. Morphology and structural characterizations of M@NCs. (a) TEM images of
FeNi@NC/SBA-15, showing the metal NPs inside the channel of SBA-15 and a small
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quantity of CNTs outside SBA-15. The insert is an image of pure SBA-15. (b-d)
HRTEM images of FeNi@NC. The inset in (b) is a statistical analysis of layer number
of the graphene shell on metal nanoparticles. The white arrows inset in (c) showing the
single layer graphene, and the black arrow inset in (c) showing the multi-walled carbon
nanotubes. The inset in (d) showing the (111) crystal plane of FeNi alloy and the
graphene layer with a layer thickness of 3.4 A. (e) XRD patterns of different M@NCs.
(f) Fe 2p and Ni 2p XPS spectra of FeNi@NC sample.

A typical three-electrode electrochemical cell was adopted to evaluate the OER
performance of these M@NCs catalysts in 1 M NaOH solution. As shown in Figure 3a,
linear sweep voltammograms (LSV) were carried out to evaluate the OER performance
of these M@NC:s catalysts. As references, we also carried out the measurements of pure
CNTs, few-layer graphene nanosheets and IrO. The polarization curves showed that
all these M@NCs catalysts had much higher OER activity than pristine CNTs and
graphene nanosheets (Fig S15a). The trend of the overpotential at the same current
density 10 mA cm is FeNi@NC < CoNi@NC < FeCo@NC < Ni@NC < Fe@NC <
Co@NC (Fig S15c), indicating that FeNi@NC possessed the best OER activity among
these M@NCs catalysts. By analyzing the BET surface area of M@NCs catalysts
(Table S1), we find that there is not a direct relation between activity and surface area.
Besides, the N content in these samples is similar according to the element analysis
(Table S3, S4). Hence, the difference of the activity for these samples should mainly
originate from the different metal types. More interestingly, the onset potential of
FeNi@NC sample is only 1.44 V vs. RHE, and the potential at 10 mA cm and 20 mA
cm? were 1.51 V vs. RHE and 1.54 V vs. RHE, respectively (Fig 3a), which is even
better than that of commercial IrO.. It is also one of the most active catalysts for OER
in the recent reports (Table S9). To gain additional insights into the OER process on
FeNi@NC, the Tafel plots of the potential vs. log (current density) were recorded (Fig
3b) with their linear portions at low potential fitted to the Tafel equation. The Tafel
slope of FeNi@NC sample was 70 mV dec™, which is comparable to the value 63 mV

dec™ of IrO2, showing FeNi@NC sample possessed the similar ability to drive the OER
6
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process compared to IrO; at low overpotential. Durability is another critical parameter
to evaluate the performance of non-precious-metal electrocatalysts in OER. In this
study, the accelerated degradation test was employed to evaluate the durability. The
polarization curve for OER was recorded after every 1000 cyclic voltammetric (CV)
sweeps between -0.46 and 0.54 V (vs. Hg/HgO) at 100 mV s. One can see the
polarization curve of FeNi@NC after 10 000 cycles retained an almost similar
performance to the initial test (Fig 3c). A slight peak emerging around 1.5 V vs. RHE
may be ascribed to the oxidation of Ni" to Ni", which is probably caused by a small
quantity of exposed FeNi nanoparticles, because some graphene layer may be destroyed
during the long-term accelerated degradation test in the strong alkaline electrolyte. In
contrast, the activity of IrO. decayed quickly with the same accelerated degradation test.
Moreover, from the potential values recorded at different current densities of 40 mA
cm? and 100 mA cm before and after the test, FeNi@NC exhibited high durability
with only a slight increase at the potential (Fig 3d), obviously superior to the durability
of commercial IrO2. Note that both the structure of the single layer graphene and the
encapsulating FeNi nanoparticles were still well maintained after the OER durability
measurements (5000 cyclic voltammetric sweeps), as confirmed by Raman (Figure S17)
and HRTEM (Figure S18) analysis. The high activity and durability of FeNi@NC

demonstrate its great potential as a non-precious metal catalyst for OER.
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Figure 3. Electrocatalytic OER performance test of M@NCs in O.-saturated 1 M
NaOH solution at 25 °C. (a) OER polarization curves for M@NCs in comparison with
CNTs and IrO2 with same mass loading. (b) Tafel plots for FeNi@NC and IrO;. (c)
Durability test of FeNi@NC in alkaline electrolyte in contrast to IrO2. (d) The potential
changes of current densities at 40 mA cmand 100 mA cm for FeNi@NC and 1rO;

during the durability test.

In order to gain further insights into the nature of the M@NCs towards OER,
density functional theory (DFT) calculations were employed. A graphitic carbon cage
with 240 atoms encapsulating 55 metal atoms was used as the model of M@C. As

shown in Fig 4a, it is generally agreed that OER involves the following steps®’, where

the symbols “*” represent the active site.
*+OH — HO* + ¢’ 1)
HO* + OH" — H20 + O* + e )
O* + OH" — HOO* + ¢ (3)
HOO* + OH — O,* + € (4)
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O 502+ * (5)

Fig 4b plot is the free energies of various intermediates for the OER catalyzed by
FeNi@C at different constant potentials. It is shown that all reaction steps are
endothermic at zero potential and the first three reaction steps are also endothermic at
the equilibrium potential of 1.23 V, and until the potential increasing to 1.72 V, the free
energies are downhill for all steps. This means that about 0.49 V overpotential
compared with the equilibrium potential is needed for the OER process on FeNi@C.
The analysis indicates that the calculated overpotential is determined by the free
energies of the reaction intermediates HO*, O* and HOO*. Building the relation
between free energies of intermediates and the overpotentials for various catalysts is
vital to the rational design of catalysts® . Interestingly, as shown in Figure 4c, there
is a good scaling relationship between the free energies of HO* and HOO* with a
constant slope and intercept of 3.2 eV. The slope is equal to one, which implies that
HO* and HOO* normally prefer the same bond type to the graphene surface, which is
coincident with a wide range of oxides including rutile, perovskite, spinel, rocksalt and
bixbyite and considered as a universal scaling relation®’. According to the scaling
relation, the overpotential can only be determined by the free energy of O* relative to
HO*, which is denoted as AG(O*)-AG(HO*). With this established activity descriptor,
the calculated overpotential exhibits a volcano shape, as shown in Fig 4d. The AG(O*)-
AG(HO*) of FeNi@C is 1.48 eV, which is closest to volcano peak among all the
catalysts studied. Furthermore, Fig 4e plot is the comparison of calculated overpotential
with experimental results, which agrees quite well in trend, indicating that our
theoretical model is able to predict the efficiency of M@C in OER. The Bader charge
analysis®® in Table S5 indicated that the electronic properties of graphene shell can be
significantly altered by electrons transferring from metal NPs, which further tune the
binding energies of reaction intermediates on graphene surface. As a result, the OER
descriptor AG(O*)-AG(HO¥*) can be adjusted to the optimal value by changing the type
of metal, such as Fe, Co, Ni and their alloys as shown in our experiments. Furthermore,

introducing nitrogen into graphene layer can also tune the adsorption of reaction
9
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intermediates and the corresponding reaction activity, as Noto et al. reported*®44, N-
doping and enclosed metal cluster will synergistically enhance the adsorption of the
intermediates as shown in Table S6. The increase of OER activity for the M@C samples
in experiment (Figure S15) should be a compromise of the contribution of N-doped
carbon and N-doped graphene encapsulating metal NPs, which are further discussed in

supporting information (Fig S15 and Table S6) for simplicity.
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Figure 4. Theoretical interpretation of OER over M@Cs. (a) The OER steps on the
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M@Cs models, where a graphitic carbon cage encapsulating 55 metal atoms. The grey
cage, red and green balls represent C, Fe and Ni atoms, respectively. (b) Free energy
profiles for the OER over FeNi@C at zero potential (U = 0), equilibrium potential for
oxygen evolution (U = 1.23 V), and minimum potential (U = 1.72 V) where all steps
become downhill. (c) Linear relation between the free energy of HO* (AG(HO*)) and
HOO* species (AG(HOO%*)) on different catalysts. (d) The calculated negative
overpotential (n*) against the universal descriptor AG(O*)-AG(HO*) on different
catalysts. The data of oxides was cited from the literature by Man et al*’. (e) Calculated
overpotential (n) vs. the experimental overpotential (n®") over M@C catalysts. All

experimental overpotential (™) values were recorded at 2 mA cm (Table S7).

In summary, we developed a facile and universal strategy to synthesize single layer
graphene encapsulating 3d TMs, such as Fe, Co, Ni and their alloys through a CVD
process in the channel of SBA-15. Electrochemical measurements indicated that
different encapsulated metals have a different effect on the OER activity, and the
optimized FeNi@NC catalyst showed the best activity with a high durability, both of
which are superior to those of commercial IrO,. DFT calculations indicated that the
high OER performance originates from the single layer graphene immensely promoting
the electron transfer from the encapsulated metals to the graphene surface, which
optimizes the electronic structure of the graphene surface and thereby triggers the OER
activity on the inert graphene surface. These findings provide an efficient way towards
the rational design of high-performance and low-cost OER electrocatalysts, as well as

other energy-related catalysts.
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