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ARTICLE INFO ABSTRACT

Keywords: Low-cost, high-performance oxygen catalysts are critical for electrochemical water splitting and metal-air bat-
Ultrathin graphene aerogel teries. Herein, carbon aerogels with skeletons consisting of few-layer graphene are derived pyrolytically from a
NiFe-LDH

hydrogel precursor using an array of NaCl crystals as the template, exhibiting a high electrical conductivity (869
S m™1) and an ultralow mass density (11.1 mg cm ™). The deposition of NiFe layered double hydroxide (NiFe-
LDH) nanocolloids renders the aerogels active towards both the oxygen reduction/evolution reactions (ORR/
OER), with the performances highly comparable to those of commercial benchmarks in both alkaline and neutral
media. Results from operando Raman spectroscopy measurements and first principles caculations suggest that Fe
(OH)3 colloids facilitate the oxidation of Ni2+, which lowers the energy barrier to 0.42 eV for OER, whereas the
nitrogen-doped carbon aerogels are responsible for the ORR activity. With the composites used as bifunctional
oxygen catalysts for electrochemical water splitting and rechargeable zinc-air batteries, the performances in both
alkaline and neutral media are markedly better than those based on the mixture of commercial Pt/C and RuO,.
Results from this study highlight the unique advantages of ultrathin graphene aerogels in the development of
effective catalysts for electrochemical energy devices.

Bifunctional oxygen electrocatalyst
Water-splitting
Zinc-air battery

1. Introduction

With the rapid exhaustion of fossil fuels and the rise in environ-
mental awareness, development of new technologies for the storage and
use of sustainable clean energy has been attracting attention worldwide.
Rechargeable zinc-air battery (ZAB) has emerged as a promising solu-
tion in view of the high energy density, low cost, safe operation condi-
tions and resource sustainability [1]. Yet, the energy efficiency of
rechargeable ZAB is typically under 55 % at the specific capacity of 0.5
to 2 mAh cm 2 [2-4], far below the threshold of 11.7 mAh cm 2 needed
to be competitive with Li-ion cells (specific energy density 100 Wh kg™!)
[5,6]. This is mainly due to the lack of satisfactory bifunctional oxygen
catalysts towards both the oxygen reduction/evolution reactions (ORR/

OER). In addition, production of hydrogen via electrochemical water
splitting is also a viable strategy [7]. Yet, in water electrolyzers, the
efficiency of the hydrogen evolution reaction (HER) at the cathode can
be severely compromised by the sluggish electron-transfer kinetics of
OER at the anode [8,9]. Therefore, it is of both fundamental and tech-
nological significance to develop high-performance, low-cost, and scal-
able advanced oxygen electrocatalysts for ORR and OER.

It is well-known that the activity of the oxygen electrocatalysts de-
pends greatly on the extent of active site utilization [3,10,11], and three-
dimensional (3D) carbon aerogels have been attracting particular in-
terest, primarily because of the ready accessibility of the catalytic active
sites and abundant channels for efficient mass transfer of reactant spe-
cies and electrolyte ions [7,12,13]. Thus, one can envisage that the
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structure of the carbon skeletons plays a critical role in determining the
ORR and OER performances. For a monolayer graphene, the surface area
can be as high as 2630 m? g’1 [14]. Therefore, to maximize the acces-
sible surface area of the carbon aerogels, ultrathin graphene walls are
preferred for the skeletons. Yet, too thin the graphene layers may
compromise the mechanical strength and hence structural integrity of
the carbon framework [15]. Thus, careful structural engineering is
needed to strike a good balance between the carbon skeleton thickness
and materials performance. This can be achieved with carbon aerogels
consisting of few-layer graphene in the structural framework. Currently,
graphene aerogels are mostly prepared by chemical vapor deposition
(CVD) where graphene is deposited onto select supporting substrates (e.
g., metal foams) [16], and self-assembly of graphene oxide (GO) nano-
sheets via gel-sol [17], freeze casting [18], foam coating [19], spray
discharge [20], etc. The former requires rather sophisticated instru-
mentation and hash conditions, while the latter generally exhibits only
nonideal conductivity due to the presence of functional groups and thick
layers of GO [21]. To our knowledge, despite the progress, it remains a
formidable challenge to construc carbon aerogels with few-layer gra-
phene that feature an interconnected 3D structure and high electrical
conductivity, critical characteristics needed to facilitate the electro-
catalytic reactions [22,23].

Another important factor that dictates the electrocatalytic perfor-
mance is the intrinsic activity of the active sites. Active sites of single
species are unlikely to exhibit high performance simutaneously for
diverse reactions (e.g., ORR and OER), as demonstrated in theoretical
and experimental studies [3,6,24-26]. For instance, carbon-based ma-
terials can act as effective ORR catalysts when deliberately doped with
select metal and nonmetal heteroatoms (e.g., N, P, B, Fe, Co, etc), due to
manipulation of the electronic structure and the formation of rich edge
defects [27-30]; whereas NiFe (oxy)hydroxides are known to be effec-
tive towards OER, although the mechanism remains controversial, and
the activity can be impacted by the stacking and undesirable electrical
conductivity of the metal (oxy)hydroxide [31-35]. Bifunctional oxygen
electrocatalsyts can therefore be constructed by integrating these ma-
terials into advanced nanocomposites for both ORR and OER [36-39].
Yet, the performance thus far has remained below the level required for
rechargeable ZAB and water electrolyzers.

In the present study, we describe a buttom-up stratagy for the
fabrication of ultrathin carbon aerogels consisting of few-layer graphene
in the skeletons loaded with NiFe layered double hydroxide (NiFe-LDH)
colloids. The carbon aerogels are prepared by controlled pyrolysis of a
gelatin hydrogel precursor using arrays of NaCl crystals as the sacrificial
template [40,41]. NiFe-LDH colloids are then adsorbed onto the aerogel
surface. The nanocomposites exhibit high electrical conductivity (up to
869 S m~ 1) and remarkable electrocatalytic activity towards both ORR
and OER in alkaline/neutral media, markedly better than those of
commercial precious metal-based benchmarks. The pyridinic/graphitic
N dopants, edge defects, and oxygen vacancies are collectively respon-
sible for the ORR activity, while the NiFe-LDH functions as the active
sites for OER, where the surface-adsorbed Fe(OH)3 colloids facilitate the
oxidation of Ni2*, likely due to the electron delocalization effect
(modified electronic structure). Density functional theory (DFT) calcu-
lations further reveal that the Fe(OH)3 colloids enhance the performance
of NiFe-LDH for OER by modulating the formation of reaction in-
termediates and lowering the energy barrier of key reaction steps. The
best sample exhibits an ultralow potential difference (AE) of only 0.61 V
between the ORR half-wave potential (E,) and the OER potential
(Eokg,10) needed to reach the current density of 10 mA cm ™2, and can be
used as effective bifunctional oxygen electrocatalysts in water splitting
and rechargeable liquid/flexible alkaline and liquid neutral ZABs.
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2. Results and discussion
2.1. Sample synthesis and structural characterization

The synthetic procedure for the ultrathin carbon aerogels includes
two major steps (Scheme 1). Experimentally, arrays of cubic NaCl
crystals were used as the structural template [40], and the confined
space between the NaCl crystals was filled with a gelatin hydrogel.
Subsequent thermal annealing at elevated temperatures, followed by
removal of the NaCl templates by water, led to the formation of ultrathin
carbon aerogels consisting of few-layer graphene, which were denoted
as GA, with x representing the NaCl concentrations (i.e., 0, 0.09 and
0.18 g mL ™). NiFe-LDH colloids were then adsorbed onto the carbon
scaffold by immersing the aerogels into a NiFe-LDH solution [42]. The
obtained composites were referred to as (NiFe-LDH),,/GA, withn =1, 2,
and 3 signifying the loadings of the NiFe-LDH colloids at 14.7 wt%, 1.7
wt%, and 0.2 wt%, respectively. The experimental details are included
in the Supporting Information.

The morphologies and microstructures of the nanocomposites were
first investigated by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) measurements. As shown in
Fig. Sla-b, in the absence of the NaCl crystal template, the GA( sample
shows a macroporous structure (pore diameter ca. 20 pm) and a thick
wall of at least 1 pm. By contrast, the introduction of the NaCl crystal
templates led to the formation of much denser and smaller pores (pore
diameter under 1 pm), as observed with GAg g9 (Fig. Slc-d) and GAg 18
(Fig. Sle-f), where the cavities largely retained the cubic shape and
dimension of the original NaCl crystals with an ultrathin wall, most
likely due to the spatial confinement of the gelatin hydrogel precursor
between the NaCl crystals. In fact, the thickness of the carbon skeletons
varied in the orders of GAp (>1 pm) > GAg.09 (1 ~ 100 nm) > GAg 158 (<5
nm).

Notably, as compared to the smooth surface of GAg 15 (Fig. 1a-b, and
Sle), one can see a number of nanoparticles on the surface of (NiFe-
LDH);/GAp 18 (Fig. 1¢), demonstrating the successful adsorption of the
NiFe-LDH colloids onto the aerogel surface. Note that the NaCl crystals
can be easily removed by ultrapure water (Fig. Sle-f). From the TEM
image in Fig. 1d, one can see that the sample consists of extensive
cavities of ca. 15 nm in diameter (red dashed circles), consistent with the
residual cubic NaCl crystals of 10 ~ 20 nm (Fig. S1f). In high-resolution
TEM measurements (Fig. 1e), (NiFe-LDH);/GA¢ 18 can be seen to exhibit
well-defined lattice fringes, with an interplanar distance of 0.23 nm (box
I) and 0.38 nm (box III), due to the (002) facets of Ni(OH)5 and (020)
facets of Fe(OH)3 colloids, respectively, whereas box II is mostly
amorphous due to the NiFe-LDH colloids, as manifested in the inverse
fast Fourier transform (IFFT) patterns shown in the inset [9,43,44]. That
is, the (NiFe-LDH);/GA 18 nanocomposite consisted of nanocrystalline
Fe(OH)3 colloids adsorbed onto the NiFe-LDH surface. Elemental map-
ping analysis based on energy-dispersive X-ray spectroscopic (EDS)
measurements (Fig. 1f) shows that both C and N were distributed ho-
mogeneously throughout the entire sample, suggesting successful
carbonization of the hydrogel precursor and uniform doping of N into
the carbon scaffold. In addition, one can see a rather consistent, but
discrete distribution pattern of the Ni, Fe and O elements, due to the
deposition of NiFe-LDH nanocolloids onto the carbon surface.

In topographic measurements by atomic force microscopy (AFM),
the GAg1s sample can be seen to indeed exhibit a 2D nanosheet
morphology (Fig. 1g and S1g), with a uniform thickness of ca. 1.07 nm,
corresponding to about 3 graphene layers [45]. This is markedly thinner
than leading results reported with relevant graphene derivatives, such as
graphene derived from phytic acid (2.5 nm) [46], reduced graphene
oxide (rGO, 2 ~ 4 nm) [21,47], and even commercially available gra-
phene samples (ca. 1.4 nm, by CVD) [45]. Remarkably, the GAg 15 aer-
ogel exhibits an ultralow mass density of only 11.1 mg cm ™3, and can be
easily produced in a large yield (Fig. S2). In fact, a red peach blossom
flower can easily bear the weight of a piece of the carbon aerogel (ca.
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Scheme 1. Schematic illustration of the synthesis of ultrathin carbon aerogel (NiFe-LDH),/GA,.

8.7 cm®) without any deformation of its petals (Fig. 1h).

The porosity of the samples was then examined in nitrogen sorption
measurements, where the Brunauer—-Emmett-Teller (BET) specific sur-
face area was estimated to be 226.9 m? g~! for the template-free GAg
sample, and increased substantially to 344.3 m? g’1 for GAg g9, and
328.1 m? g*1 for GAg 15 (Fig. 2a). Note that both GAg g9 and GAg 18 show
a similar pore size, including micropores and macropores (up to 20 nm),
whereas GAg consists only of micropores (<2 nm) (Fig. 2b). Further
structural insights were obtained in Raman measurements (Fig. 2c¢),
where all samples exhibited a well-defined D band at 1354 cm™! and G
band at 1587 cm’l, with a very close intensity ratio (Ip/Ig) of ca. 0.96,
suggesting a similarly graphitized structure in the GA, samples. The
broad peak within the range of 2600 to 2900 cm ™ is likely the combined
contributions of the D + D’ and 2D bands, confirming the formation of
structural defects within the carbon scaffolds [48].

Remarkably, despite the ultrathin skeletons, the resultant GA, sam-
ples exhibited a high specific conductivity (c/p) [49], as manifested in
four-probe measurements. Notably, the specific conductivity was found
to increase with increasing pressure (Fig. S3a) and vary among the
samples. In fact, the electrical conductivity (c) at 30 MPa increased in
the order of GAg (98.7 Sm ™) < GAg 09 (290.2 Sm ™) < GAg 15 (869.4 S
m™1) (Fig. 2d). Note that such conductivity is markedly higher than that
of a number of graphene and rGO aerogels reported previously [49]. A
similar trend was observed by mixing the GA, samples with a PTFE
binder, GAp (0.02Sm™1) < GAg 9 (12.29 S m™1) < GA 15 (34.89 Sm™)
(Fig. 2e). The corresponding X-ray diffraction (XRD) patterns are shown
in Fig. 2f and S3b-c. All samples can be seen to exhibit two major
diffraction peaks at 20 ~ 25° and 44°, due to the (002) and (101)
crystalline facets of graphitic carbon (JCPDS PDF#00-041-1487) [50],
and additional patterns of the NiFe-LDH colloids can be identified with
the (NiFe-LDH);/GAg.1s composites at 20 ~ 28.5°, 37.3°, 41.2°, and
41.8°, consistent with those of Ni(OH), colloidal particles (Ni colloids),
Fe(OH)s3 colloidal particles (Fe colloids), and NiFe-LDH colloids, further
confirming the successful deposition of these metal colloids onto the GA
surface (along with a trace amount of KCl and KNOs impurities). Yet, the
features were much broadened, due to the small size and/or amorphous
phase [51], in good agreement with results from the TEM
measurements.

The elemental composition and valency of the samples were then
examined by X-ray photoelectron spectroscopy (XPS) measurements. In

the C 1 s spectra (Fig. S4a), the sp? C and C—N peaks can be readily
resolved in all GA, samples, indicating successful graphitization of the
hydrogel precursors and doping of N into the resulting carbon skeletons
(consistent results were obtained with the (NiFe-LDH)/GA, composites,
Fig. S5a) [52]. In the corresponding N 1 s spectra (Fig. 2g), the pyridinic
N, pyrrolic N, graphitic N, and oxidized N can be deconvoluted at 398.5,
400.0, 401.0, and 402.9 eV, respectively [53]. On the basis of the in-
tegrated peak areas, the contents of pyridinic N and graphitic N were
estimated to be 2.0 at% and 2.4 at% for GAy 1, respectively, which are
comparable with those for GAg g9 (1.7 at%, 2.4 at%) and GAg (1.2 at%,
1.6 at%) (Table S1-S2). In the O 1 s spectra (Fig. S4b, S5b, and
Table S3), the metal-O species can be readily identified in (NiFe-
LDH);GAy 18, but absent in the metal-free GA, samples [7].

From Fig. 2h, the Ni 2p electrons of (NiFe-LDH);/GA¢ 18 can be seen
to consist of two doublets at 855.2/872.9 and 856.5/874.3 eV, corre-
sponding respectively to the 2ps,»/2p1/2 electrons of Ni*™ and Ni*
[4,54], at 20 % Ni%" and 80 % Ni>*, whereas only Ni®* was identified in
Ni colloids (855.1/872.8 eV) [55]. In the Fe 2p spectra (Fig. 2i), the Fe®*
and Fe3* species can be deconvoluted from both (NiFe-LDH);/GAg 18
and Fe colloids [56,57], with the 2p3,5/2p;,/2 doublet at 710.1/723.4
and 712.2/725.2 eV for (NiFe-LDH)1/GAg1s and 710.0/723.6 and
712.0/725.4 eV for Fe colloids, respectively, corresponding to a Fe>t/
(Fe®* + Fe31) ratio of 59 % and 88 % (the dashed curves in (i) are for the
Ni LMN spectra [58]). In comparison to the monometallic Ni and Fe
colloids alone, the Ni and Fe binding energies in (NiFe-LDH),/GAg 18
can be seen to exhibit a positive and negative shift, respectively, sug-
gesting effective electron transfer from Ni%* to Fe3t in (NiFe-LDH);/
GAy.18 [4,11]. It has been known that electron-deficient nickel centers
are critical in the formation of key OER intermediates (O* and O0%),
while the electron-rich Fe>™ sites facilitate OER by lowering the energy
barrier from OH* to O* [59]. Such synergistic interactions between Fe’t
and Ni%* in (NiFe-LDH);/GAq.1s are most likely responsible for the
enhanced the OER activity, as observed below. Note that the atomic
ratio of Ni (3.1 at%) to Fe (3.0 at%) is close to 1:1 in (NiFe-LDH)1/GAg 18
(Table S1), in accord with the initial feed ratio in sample preparation.

2.2. Electrocatalytic activity

The ORR performances of the GA composites (free of metal colloids)
were first evaluated via the cyclic voltammetry (CV) tests. From Fig. 3a
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and S6a, one can see that in contrast to the featureless responses in No-
saturated 0.1 M KOH (dotted curves), GA,, (NiFe-LDH);/GAg.1g and
commercial 20 wt% Pt/C all showed a well-defined voltammetric peak
when the solution was purged with Oz (solid curves), suggesting effec-
tive ORR activity of the samples. Notably, GAg 1g exhibits the most
positive peak potential (E, = +0.791 V) among the metal-free sample
series, which was only 25 mV more negative than that of Pt/C (+0.816
V), and with the deposition of NiFe-LDH, E, remained virtually un-
changed at + 0.796 V with (NiFe-LDH);/GAg 18, as NiFe-LDH colloids
alone displayed no ORR activity (Fig. S6¢). That is, the ORR activity of
(NiFe-LDH)1/GAy. 13 is primarily due to the GA scaffolds.

Consistent results were obtained in linear sweep voltammetry (LSV)
measurements with a rotating disk electrode (RDE) (Fig. 3b), where
GAy.18 displays a more positive half-wave potential (E1,2 = +0.840 V)
than other GA, samples and even commercial 20 wt% Pt/C (+0.831 V),
and the performance remained practically unaffected by the deposition

- i
By oy

v PR
Fig. 1. SEM images of GAy s (a) before and (b) after the removal of the NaCl crystal template by water. (¢) SEM image of (NiFe-LDH);1/GAq 1s. (d) TEM image of
GAo.1s- (€) HRTEM image of (NiF-LDH);/GA¢ 15 and the corresponding IFFT images of three regions. (f) HAADF-STEM image of (NiF-LDH);/GAq 15 and the cor-

responding EDS elemental maps. (g) AFM topograph (bottom) and z-scan profile (top) of GAg 1s. (h) Photograph of a piece of GAg 15 (ca. 8.7 cm®) supported on a
peach blossom flower.

of NiFe-LDH (Fig. S6¢). Note that the performance of GAg1s (E1/2 =
+0.840 V and onset potential Eqpger = +0.976 V) actually represents a
record for graphene-based metal-free ORR catalysts (Fig. 3¢, Table S4).
This is most likely facilitated by the excellent electrical conductivity and
highly exposed and available defect sites of the carbon aerogels, as
compared to other GA, samples (Fig. 2), as both the N dopants and edge
defects have been recognized as the active sites for ORR via regulating
the electronic structure of adjacent C atoms [60,61].

The corresponding Tafel slope can be estimated to be 79 mV dec™?
for GAg1g and 78 mV dec™! for (NiFe-LDH);/GAy 18, as compared to 82
mV dec”! for commercial Pt/C (Fig. S7a), indicating a fast electron-
transfer kinetics process. The average electron-transfer number (n)
and H,0; yield were calculated to be 3.87 and 6.4 % for GAg 15, which
are comparable to those of Pt/C (3.88 and 5.4 %), suggesting a dominant
four-electron pathway for ORR (Fig. S7b). GAg.1s also exhibits remark-
able durability (Fig. S7¢) with a negative shift of E; /» by only 8 mV after
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Fig. 2. (a) N, adsorption/desorption isotherms, (b) pore size distributions, and (c) Raman spectra of the GA, samples. Electrical conductivity of the GA, samples
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colloids, (NiFe-LDH);/GAq 18, and GAg 15 samples. (g) High-resolution XPS spectra of the N 1 s electrons of the GA, and (NiFe-LDH);/GA, 15 samples. High-resolution
XPS spectra of the (h) Ni 2p and (i) Fe 2p electrons of Ni colloids, Fe colloids, and (NiFe-LDH);/GAg 18-

5000 CV cycles. (NiFe-LDH);/GAy 1g displayed similar stability.

The high performance of GAg 15 towards ORR was also manifested in
neutral and acidic media. In CV measurements, GAy.1g exhibited an E,
of + 0.665 V in 0.1 M phosphate buffer solution (PBS), which was 81 mV
more negative than that of Pt/C (+0.746 V) (Fig. 3d). In RDE mea-
surements, the E; /2 of GAg 18 (+0.701 V) was more positive than those of
other GA, samples and only slightly more negative than that of Pt/C
(+0.731 V). For (NiFe-LDH);/GAg 18, the E; 2 was ca. + 0.738 V, again,
suggesting that GAgi1s and (NiFe-LDH);/GAp g are competitive as
compared to the majority of relevant catalysts reported to date in the
literature (Fig. 3f and Table S5). In addition, GAg ;g exhibited a Tafel
slope of 77 mV dec’l, lower than that (93 mV dec ') of Pt/C (Fig. S7d),
with an average electron transfer number (n) 3.89 for GAp 1g and 3.93
for Pt/C (Fig. S7e); and the E; /; shifted negatively by only 9 mV after
5000 cycles, demonstrating robust stability, with (NiFe-LDH);/GAg 1s
demonstrating a similar performance (Fig. S7f). Nevertheless, the ORR
activity in acidic media of the carbon aerogel composites was obviously

subpar as compared to that of Pt/C (Fig. S8).

Remarkably, the (NiFe-LDH),GA¢ 13 nanocomposites also exhibited
an excellent activity towards OER (Fig. 4a and S9a). As the mass loading
of the NiFe-LDH colloids increased in the (NiFe-LDH),/GA¢.1g compos-
ites, the overpotential (nogr,10) needed to reach the current density of
10 mA cm 2 decreased markedly, from over + 470 mV for GAg g to +
282 mV for (NiFe-LDH)3/GAg.18 (NiFe-LDH 0.2 wt%), +226 mV for
(NiFe-LDH)5/GAg 18 (NiFe-LDH 1.7 wt%), and only + 223 mV for (NiFe-
LDH);/GAg.18 (NiFe-LDH 14.5 wt%), in comparison to + 358 mV of the
NiFe-LDH colloids alone. This suggests that the OER intrinsic activity
arose primarily from the NiFe-LDH and was facilitated by the synergistic
interactions between NiFe-LDH and the GA scaffold, with minimal
contributions from the GA alone, and (NiFe-LDH),/GA g represents the
optimal structure.

Interestingly, (NiFe-LDH);/GAq.1s displayed a similarly low nogr,10
of + 213 mV when supported on a nickel foam (NF) and 223 mV with a
gas diffusion layer (GDL) (Fig. SOb). To reach a larger current density of
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half-wave potentials of nanocomposite samples and 20 wt% Pt/C benchmark) for GA¢ 15 with relevant catalysts reported recently in neutral media (Table S5).
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Fig. 5. LSV curves of commercial substrates before and after the adsorption of NiFe colloids for (a) ORR and (b) OER in alkaline media.

50 (100) mA cm™2, the corresponding overpotential was only +246
(+258) mV. Notably, the (NiFe-LDH);/GAj1g sample even out-
performed commercial RuO3 (nogr,10 = +333 mV) on GDL (Fig. 4a), and
a number of noble metal-free catalysts [42]. In addition, (NiFe-LDH);/
GAy.18 showed a Tafel slope of 43 mV dec™!, which is the lowest among
the sample series, suggesting its fastest electron-transfer kinetics (Fig. 4b
and S10a). This is consistent with the results from electrochemical
impedance measurements (Fig. S10b-c), where the charge-transfer
resistance (R ) was estimated to be 17 Q for (NiFe-LDH);/GAg 13, as
compared to 20 Q for (NiFe-LDH)2/GAg 18, 348 Q for (NiFe-LDH)3/
GAy.18, 3300 Q for GAg 15, and 210 Q for commercial RuOs.

The stability was evaluated by measuring the OER polarization
curves before and after chronopotentiometry (CP) tests for up to 100 h at
10 mA cm~2 (Fig. 4c-d), where the Nokr,10 remained virtually un-
changed. Finally, the (NiFe-LDH);GA 15 displayed the highest perfor-
mance with a potential difference (AE) between the E;/» of ORR and
Eoggr,10 of OER of only 0.611 V among the noble metal-free bifunctional
oxygen catalysts reported recently in the literature (Fig. 4e-f).

To further demonstrate the excellent activity of (NiFe-LDH);/GAg 18
for OER, (NiFe-LDH);/GAg1s and commercial Pt/C were paired to
construct an overall water splitting system. As displayed in Fig. S11a,
the (NiFe-LDH);/GAy.18//Pt/C cell required a low voltage of only 1.508
V (with a corresponding energy efficiency of 81.6 %) to reach the cur-
rent density of 10 mA em ™2, as compared to 1.593 V for RuO,//Pt/C
(energy efficiency 77.2 %), and outperformed a number of water elec-
trolyzers based on, for instance, CooP@Co0304 (1.57 V) [62], NiVB/rGO
(1.56 V) [63], and CoP-MNA (1.62 V) [64]. Fig. S11b depicts a digital
photograph of water splitting with the (NiFe-LDH)1/GA.18//Pt/C cell
powered by one AA battery (1.5 V), and the formation of Hy and Oy
bubbles can be clearly seen on the cathode and anode surfaces (Video
S1). Moreover, this cell could work continuously for over 20 h, and the
cell voltage remained largely unchanged at the current density of 10 mA
cm 2, suggesting remarkable stability and high potential of the (NiFe-
LDH);/GAy 18 in overall water splitting (Fig. S11c-d).

The NiFe-LDH colloids could also be readily hybridized with other
commerical substrates as excellent bifunctional oxygen catalysts, such as
carbon nanoparticles of acetylene black (ACET) or commercial 20 wt%
Pt/C (Fig. S12-513). Fig. 5a and 5b shows the ORR/OER polarization
curves of ACET and Pt/C before and after the adsorption of the NiFe-
LDH colloids. One can see that the ORR performance remained almost
unchanged for both ACET and Pt/C, whereas for OER, the nogr,10 (+233
mV) for (NiFe-LDH);/Pt/C became much lower than that of Pt/C (4356
mV), and (NiFe-LDH);/ACET (4246 mV) was also significantly more
active than ACET alone (over + 470 mV). That is, the adsorption of the

bimetal colloids did not impact the ORR activity of the samples,
demonstrating the universality of the hybridization method to transform
ORR catalysts into excellent bifunctional oxygen catalysts.

2.3. Mechanism insights for OER

Results presented above in section 2.2 demonstrate that the ORR
activity arose primarily from the nitrogen dopants in the GA, with
essentially no contribution from the NiFe-LDH [23,65]. Yet, the OER
activity was most likely ascribed to the NiFe-LDH facilitated by the
synergistic interaction between the NiFe-LDH colloid and the GA scaf-
fold. It is therefore important to unravel the mechanistic insights.

It has been argued that the OER activity of NiFe-LDH is mainly due to
the high valence-state Nidt/Nitt species [66]. This is indeed confirmed
in operando Raman measurements at various applied potentials [8,67].
Fig. 6 depicts the Raman spectra of (a) Ni(OH); and (b) NiFe-LDH
collected with the electrode potential varied from open circuit poten-
tial (OCP) to +1.5 V. At potentials below +1.3 V, two characteristic
vibrational bands can be identified with Ni(OH), at 458 and 539 crn’l,
due to the Ni"-OH and Ni"-O vibrations, respectively [68]. At +1.3 V,
two new peaks emerged at 476 and 554 cm ™, arising from the Ni"-0
vibrations of NiOOH, suggesting the oxidation of Ni** into Ni®* and
Ni*t (Fig. 6a) [68-70]. In comparison, the prominent Ni"-O peaks can
be observed even at OCP for NiFe-LDH and became markedly intensified
with increasing electrode potential, but was absent for NiFe-LDH
without the surface-adsorbed Fe(OH)s colloids (Fig. S14), suggesting
that the oxidation of Ni2* to higher valence state was driven by the Fe
(OH)3 colloids (Fig. 6b). Note that there were two Fe species in (NiFe-
LDH);/GAg 18, the internal lattice Fe in NiFe-LDH and the surface Fe in
amorphous Fe(OH)3; nanoparticles adsorbed on the NiFe-LDH surface.
The former likely inhibited the oxidation of Ni [66,71], whereas the
latter might facilitate the oxidation of Ni at OCP, because of the unsat-
urated coordination of high valence Fe®*®* arising from the nano size
[72] and amorphous phase of the Fe(OH)3 colloids [73].

The charge density difference indeed revealed the influence of
amorphous Fe(OH)3; nanoparticles on the electronic structure of NiFe-
LDH (Fig. 7a). The Fe:Ni atomic ratio of the NiFe-LDH model is ca.
7:2, which is the optimum ratio of NiFe-LDH for OER [74]. In compar-
ison to pristine NiFe-LDH, the surface Fe(OH)3 colloids led to a more
delocalized charge density of NiFe-LDH, especially at the Ni centers,
which facilitated the generation of high valence states of the Ni sites
[75,76]. Such different characteristics in charge configuration are in
good agreement with the results of the above operando Raman
measurements.
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DFT calculations were then conducted to evaluate the Gibbs free
energy of the formation of key reaction intermediates (i.e., OH*, O* and
OOH¥) along the elementary pathway, according to the conventional
four-electron transfer and the lattice oxygen mechanism on NiFe-LDH
with and without surface Fe(OH)3 colloids [77,78]. The calculation re-
sults show that the formation of these intermediates on pristine Ni-LDH
is negligible, and entailed a higher energy barrier than that on Fe(OH)3
modified NiFe-LDH [66,79]. Fig. S15-S16 display the optimized struc-
ture of pristine NiFe-LDH and Fe(OH)3; modified NiFe-LDH with the
adsorption of different intermediates onto the bridging oxygen between
the Fe and Ni atoms adjacent to the Fe(OH)3 nanoparticles. The corre-
sponding free energy diagrams are shown in Fig. 7b-c. The largest free
energy difference occurred at the formation of O* for pristine FeNi-LDH
with an energy barrier of 0.87 eV at U = 1.23 V, suggesting that this was
the rate determining step (RDS) [66,77]. Note that the energy barrier of
this same step was significantly reduced to —0.31 eV for the Fe(OH)3
modified FeNi-LDH, likely due to enhanced adsorption of oxygen on the
Ni sites, where electrons were more delocalized, and the formation of
OH* now became the RDS, with an energy barrier of only 0.42 eV,
leading to enhanced OER catalysis. The theoretical trend is very
consistent with the experimental results [42] and the positive relation-
ship between the Fe(OH)3 coverage and OER activity of NiFe-LDH [32].

The local density of states (LDOS) at the Fe and Ni sites are depicted
in Fig. S17. In comparison with pristine NiFe-LDH, the d-band of the Fe
sites became lower while that of the Ni sites shifted positively for the Fe
(OH)3 modified FeNi-LDH. It is well-konwn that a higher d-band center
facilates a greater binding energy of oxygen intermediates, such as OH*.
That is, the adsorption of Fe(OH)3 colloids onto the NiFe-LDH surface
may optimize the binding of OH*, leading to an enhanced OER activity
[801.

2.4. Applications in alkaline/neutral zinc-air batteries

Because of the excellent bifunctional ORR and OER activity, the
practical application of (NiFe-LDH);/GAq.1g was further assessed as the
oxygen catalysts in rechargeable ZAB, in comparison with the Pt/C-
RuO; commercial benchmarks. From Fig. 8a, the (NiFe-LDH)1/GAg 18
based ZAB can be seen to exhibit an OCP of 1.505 V, which is much
higher than that (1.453 V) based on the Pt/C-RuO2 mixture. The peak
power density of 230 mW cm ™2 for the former is also nearly twice that
(146 mW cm ) of the latter, likely due to the abundant oxygen supply
enabled by the 3D porous structure and the ultrahigh electrical con-
ductivity of the graphene aerogel (Fig. 8b). Consequently, the (NiFe-
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Fig. 6. Operando Raman spectra of the Ni-O vibrations in (a) Ni(OH), and (b) NiFe-LDH at different applied potentials.
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LDH);1/GAy.18 based ZAB showed an enhanced specific capacity of 749
mAh gz_n1 and energy density of 951 mWh gz_nl, as compared to 725 mAh
g;r.l and 908 mWh anl for the Pt/C-RuO, counterpart (Fig. 8c). The
(NiFe-LDH)1/GAy 18 based ZAB also displayed higher discharge voltages
at various current densities (Fig. 8d), for instance, 1.17 V at 50 mA cm 2
and 1.08 V at 100 mA cm 2, as compared to 0.993 V and 0.731 V for the
Pt/C-RuO, ZAB.

(NiFe-LDH);/GAg.1s could also work for a rechargeable ZAB for an
extended period of time, and exhibited virtually no decay for over 340 h
in both short-period cycling and consecutive long-period cycling tests, in
contrast to Pt/C-RuO; (Fig. 8e-f and S18a). The voltage gap between
charge and discharge is also practically unchanged, except for the initial
stage, suggesting optimization of the active sites for (NiFe-LDH);/
GAp.1s. For the long-period cycling (2 h per cycle), the (NiFe-LDH);/
GAy.18 based ZAB could continuously operate for over 100 h, featuring
stable charge and discharge voltage platforms for up to 53 cycles
(Fig. S18b), with only a negligible change of the energy efficiency from
60.2 % in the 1st cycle to 58.3 % in the 53rd (Fig. 8f). Note that the
cycling period has an important influence on the energy efficiency of
ZABs (Table S8). Yet during the long-period cycling tests, the energy
efficiency remained higher (60 % at 10 mAh cm™2) than other reported
ZABs (42 ~ 61 % at 0.5 ~ 2 mAh cm’z), and almost met the basic
requirement to compete with Li-ion cells [2,5], suggesting high potential
in practical applications.

The application of (NiFe-LDH);/GAy 1g in flexible alkaline solid-state
rechargeable ZAB was also assessed, in comparison to Pt/C-RuO,. The
(NiFe-LDH);/GAy.1s based solid battery showed an OCP of ca. 1.32 V
with a maximum power density of 166 mW cm 2, much higher than that
for the Pt/C-RuO; counterpart (1.27 V and 86 mW cm™?) (Fig. 9a). In
addition, the OCP of the (NiFe-LDH);/GA¢ 13 battery remained stable
when the device was bent from 0° to 90° and 180° (Fig. 9b), and could
successfully power an electronic clock (Video S2) and lit up a LED
(light-emitting diode) (Fig. 9c and S19a), suggesting good mechanical
flexibility. Furthermore, the charge and discharge performance of the
(NiFe-LDH);/GAy 1 solid battery remained virtually unchanged for over
85 h, even in long-period cycling, suggesting robust stability (Fig. 9d-e,
and S19b-c). A similarly remarkable performance was also observed in
neutral media (Fig. S20, Video S3, and Table S9).

Microscopic and spectroscopic measurements showed that the (NiFe-
LDH);/GAy.1s catalysts remained structurally stable after the cycling
charge and discharge tests in the rechargeable ZABs (Fig. S21-522).
From the high angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image in Fig. S22a, it can be seen that the
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NiFe-LDH colloidal particles remained well-dispersed on the GA surface,
and the EDS mapping analysis exhibited almost no variation of the
distributions of the Ni and Fe elements before and after the stability
tests. Additionally, inductively coupled plasma-mass spectrometry (ICP-
MS) measurements showed that the sample retained 94.8% Ni and
97.4% Fe of the original contents, further confirming the good stability
of the NiFe-LDH colloids. Yet, XPS studies showed an increase of oxygen
vacancies (Vo) (from 0 to 1.0 at%, Table S3, Fig. S22b) and enhanced
electron-deficient Ni sites, which might account for the optimization of
the cycling performance for ZAB. From Fig. S22c¢, it can be seen that the
nitrogen species disappeared completely except for the pyridine group,
indicating the stability of pyridine N and unstable role of graphitic N
[53]; and Vo, a type of active sites for ORR and OER [81], was generated
during the battery test (Fig. S22b), likely because lattice oxygen of
metal oxides was oxidized into Oy during the OER process [82]. In
addition, oxygen vacancies may also result from metal reduction in
aerobic environment [83,84]. Interestingly, as compared to the Ni 2p3 /o
binding energy before the cycling test (Fig. S22d), the corresponding
peak position of (NiFe-LDH)1/GA 1g shifted positively and the Ni%*/Ni
ratio decreased from 20% to 7%; meanwhile, the Fe3+/(Fe3++Fe2+)
ratio decreased from 59% of the original sample to 22% after cycling test
(Fig. S22e), suggesting enhanced electron transfer from Ni%* to Fe3*
and the activation of nickel active sites.

3. Conclusion

In summary, ultrathin carbon aerogels with few-layer graphene in
the skeletons were readily prepared by controlled pyrolysis of a hydrogel
precursor using arrays of cubic NaCl crystals as the removable template.
Despite the thin carbon skeletons, the aerogels exhibited high electrical
conductivity and low mass density, along with good porosity. Such a
unique structure rendered the GAg s the best catalyst for ORR. Mean-
while, the OER performance of NiFe-LDH was enhanced by the surface-
adsorbed Fe(OH)3 colloids, due to the modulation of the binding energy
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of key reaction intermediates and reduction of the energy barrier. This is
further facilitated by the synergisic interaction between the NiFe-LDH
colloids and the GA scaffold. Therefore, the deposition of NiFe nano-
colloids onto the GA matrix rendered the composites bifunctionally
active towards both ORR and OER. The best sample, (NiFe-LDH);/
GAy.18 showed a AE of only 0.61 V, that was markedly lower than those
of the Pt/C-RuO, commercial benchmarks and relevant catalysts in the
literature. When the (NiFe-LDH);/GAp1s was coupled with Pt/C,
effective water-splitting was observed with an energy efficiency of
81.7% at the current density of 10 mA cm 2. In addition, (NiFe-LDH);/
GAy.15 could be used as effective oxygen electrocatalysts in rechargeable
ZABs, featuring a power density of 230 and 112 mW cm™2 in alkaline
and neutral media, respectively, about twice that with commercial Pt/C-
RuOs. The former also displayed a high energy efficiency of 60.2 % over
340 h at 10 mAh cm ™2, rather competitive to Li-ion batteries. Results
from this work demonstrate the unique potential of ultrathin carbon
aerogels in the development of high-performance, low-cost catalysts for
electrochemical energy technologies.
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