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ABSTRACT: Cost-effective production of solar fuels
requires robust and earth-abundant oxygen evolution
reaction (OER) catalysts. Herein, we report that ultrathin
nanoplates of cobalt—manganese layered double hydroxide
(CoMn LDH) are a highly active and stable oxygen
evolution catalyst. The catalyst was fabricated by a one-pot
coprecipitation method at room temperature, and its
turnover frequency (TOF) is more than 20 times higher
than the TOFs of Co and Mn oxides and hydroxides, and
9 times higher than the TOF of a precious IrO, catalyst.
The activity of the catalyst was promoted by anodic
conditioning, which was proposed to form amorphous
regions and reactive Co(IV) species on the surface. The
stability of the catalyst was demonstrated by continued
electrolysis.

Water splitting offers an attractive chemical method for
renewable energy storage.' The oxidative half reaction of
water splitting, the oxygen evolution reaction (OER), is
kinetically sluggish and leads to significant overpotential and
energy loss.” Precious-metal electrocatalysts such as IrO, and
RuO, are good OER catalysts, but their low abundance and high
cost prohibit a large-scale application. Therefore, there is
tremendous interest in developing inexpensive and earth-
abundant OER catalysts.” In neutral and weakly basic solutions
Co-phosphate and Ni-borate catalysts are efficient but still
require about 400 mV overpotential to reach 10 mA cm™"* In
alkaline solutions several forms of NiFeO, and perovskite
Bag sSrysCoggFey,0;.5 (BSCF) are even more active than IrO,
and RuO,, reaching 10 mA cm ™ below 300 mV overpotential.5 It
was proposed that the active form of NiFeO, catalyst has a
layered structure.’ In agreement with this hypothesis, NiFe
layered double hydroxide (NiFe LDH) is a very active OER
catalyst in basic solutions, and its activity can be further enhanced
by coupling to a carbon nanotube or by exfoliation.” Many Co
and Mn oxides including Co-containing LDHs such as NiCo and
CoCo LDHs were studied for OER as well;*® however, they are
generally less active than IrO, and RuO,. To expand the scope of
nonprecious OER catalysts, more active Co and Mn-based oxides
are desirable. Herein we report that the one-pot synthesized
ultrathin nanoplates of cobalt—manganese LDH (CoMn LDH)
are a highly active and stable catalyst for OER. The CoMn LDH
catalyst exhibits much higher intrinsic activity than Co and Mn
oxides, CoCo and NiCo LDHs, and IrO, nanoparticles.
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Figure 1. (a) PXRD pattern of CoMn LDH. Asterisks denote peaks
from fluorine-doped SnO, glasses (JCPDS card No. 00-046-1088),
which is the substrate for XRD measurement. (b) Structures of f-
Co(OH), and CoMn LDH. (c) TEM image of CoMn LDH nanoplates.
Parallel red short dash lines mark the thickness of upstanding
nanoplates. The inset shows the SAED pattern of a lying nanoplate
along the [00n] axis.

The CoMn LDH nanoplates were synthesized at room
temperature by a simple coprecipitation method. An aqueous
solution containing Co(NOs;),-6H,0, Mn(NO,),-4H,0,
NaNO;, and NH,F was purged by N,, and then H,0, was
added to oxidize Mn(II) to Mn(III). The pH was adjusted to
about 10 by dropwise addition of a N,-purged NaOH solution
(see Supporting Information (SI) for details). The CoMn LDH
was formed as an earthy yellow precipitate. The X-ray diffraction
(XRD) pattern (Figure 1a) confirmed the LDH structure of the
compound.” Figure 1b compares the atomic arrangement of
CoMn LDH and -Co(OH),. Replacement of some Co(II) ions
in 5-Co(OH), by Mn(III) yields CoMn LDH. To compensate
the extra positive charge, an equivalent amount of anion is
intercalated between the edge-sharing MO4 (M = Co or Mn)
octahedral layers. This results in the layered structure of CoMn
LDH (Figure 1b). Estimated from the angles of the XRD peaks,
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the interlayer distance is about 0.759 nm for CoMn LDH. The
energy-dispersive X-ray spectrum (EDX, Figure S1, SI)
confirmed the presence of Co and Mn. The atomic ratios of
Co/Mn in the as-synthesized samples were determined by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Table S1, SI). The Co/Mn ratios are close to the ratios of
Co/Mn in the starting materials and can be varied from 1:1 to
4:1. X-ray photoelectron spectroscopy (XPS, Figure S2, SI)
suggests that Co and Mn ions are mainly in oxidation states
Co(II) and Mn(III), respectively. Transmission electron
microscopy (TEM) image indicates that the CoMn LDH has a
platelet-like shape, with a diameter of 50—100 nm (Figure 1c).
The near transparency to the electron beams (reflected by a faint
image contrast) is indicative of the ultrathin nature. The
thickness distribution was examined by measuring 153
upstanding platelets using TEM (Figure S3, SI). The average
thickness is 3.6 nm, corresponding to six edge-sharing octahedral
MOy layers. The selected area electron diffraction (SAED)
pattern (inset in Figure 1c) was measured from one lying platelet.
The hexagonally arranged spots indicate the single crystal nature
of the platelet.

The electrochemical activity of CoMn LDH (Co/Mn = 2:1)
and reference samples in OER in alkaline solutions was evaluated
in 1 M KOH using a standard three-electrode system. Catalysts
were uniformly drop-casted on a glassy carbon (GC) electrode
with a loading of 0.142 mg cm™. After electrochemical
conditioning by 30 cyclic voltammetric scans to reach a relatively
stable state, the OER activity was probed by linear sweep
voltammetry (LSV) at a scan rate of 1 mV s™'. The reference
samples include a mechanical mixture of Co(OH), and Mn, O,
(see SI for synthesis, Figure S4), nonstoichiometric spinel
MnCo,0,,5 (0 < & < 0.5, synthesized by calcinating CoMn LDH
at 450 °C for 4 h, Figure SS, SI), and commercial IrO,
nanoparticles (Figure S6, SI). Spinel MnCo,0y,, 5 was included
as a reference because spinel Co-based metal oxides were
previously reported as good OER catalysts in alkaline
media. %1 Figure 2a shows that CoMn LDH is the best OER
catalyst among the samples measured, giving higher current
densities at the same overpotentials (Figure 2a). To reach ] = 10
mA cm ™, the as-prepared CoMn LDH requires 324 mV (Figure
2b), which is 44, 92, and 13 mV less than Co(OH), + Mn,0;,
spinel MnCo,0,, 5 and IrO,, respectively. The current density at
7=350 mV is 42.5 mA cm ™~ for CoMn LDH, which is about 7.6,
22.5, and 2.8 times of the current densitiy of Co(OH), + Mn,0,,
spinel MnCo,0,,5 and IrO,, respectively. By plotting over-
potential (#7) against log(J), the kinetic parameters of OER by the
four catalysts were calculated (inset in Figure 2a). The Tafel slop
of CoMn LDH is 43 mV dec™’, lower than the Tafel slope of IrO,
(49 mV dec™). The Tafel slopes of Co(OH), + Mn,O; and
spinel MnCo, O, are significantly higher (54 and 84 mV dec™").
While Tafel slopes might be used to probe the mechanism of
OER catalysis,” they are often influenced by electron and mass
transport. To test whether mass transport plays a role in OER,
the scan rate dependence of the activity of CoMn LDH and
Co(OH), + Mn,0, was measured. Increasing the scan rate from
2 to S mV/s led to negligible change in activity, suggestin% that
mass transport was sufficiently rapid (Figure S7, SI)." We
recently showed that slow electron transport gave larger Tafel
slopes for hydrogen evolution catalyzed by amorphous
molybdenum sulfide particles.'” Thus, the lower Tafel slope of
CoMn LDH is likely due to faster electron transport on these
ultrathin nanoplates. The four catalysts were also deposited on
pretreated carbon fiber paper (CFP) at a loading of 0.222 mg
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Figure 2. (a) Linear sweep voltammetric curves of various metal oxides
in 1 M KOH; scan rate, 1 mV s™'; scan direction, from lower to higher
potentials. The inset showed corresponding Tafel plots. (b) Over-
potential required for ] = 10 mA cm™ (@j=10 ma em™) and current
density at 77 = 350 mV (Jg,-350 my)- L, IL IIL and IV represent CoMn
LDH, IrO, nanoparticles, Co(OH), + Mn,0;, and spinel MnCo,0,,,
respectively. (c) Charging current density differences (A = J, — J.)
plotted against scan rates. The linear slope is equivalent to twice of the
double-layer capacitance Cy. The error bar represents the range of
results from three independent measurements.

cm™?, and the resulting electrodes show similar activity as on GC
(Figure S8, SI). The Co/Mn ratio in CoMn LDH was tuned from
1:1, 2:1, and 3:1, to 4:1 by changing the Co/Mn ratio of the
starting materials. The lowest activity was obtained with a ratio of
1:1, while the highest activity was obtained with a Co/Mn ratio of
2:1. Further increase in Co/Mn ratio then decreased the activity
although only by a modest amount (Table S1 and Figure S9, SI).

The electrochemically active surface areas of CoMn LDH and
Co(OH), + Mn,0; were compared using their double-layer
capacitance (Cg, Figure S10, SI)."* Because of the similar
structures and compositions of CoMn LDH and Co(OH), +
Mn,0;, Cy is a reasonable parameter to represent their active
surface areas. Figure 2c shows that CoMn LDH has a S-times
higher Cy than Co(OH), + Mn,O5. The S-time higher effective
surface area at the same loading contributed to the higher activity
of CoMn LDH relative to Co(OH), + Mn,0O;. However, the
increase in electrochemical surface area is not the sole factor for
activity enhancement. For example, at 7 = 350 mV the current
density of CoMn LDH is 7.6 times higher than that of Co(OH),
+ Mn, O, (Figure 2b). This was further confirmed by measuring
the loading dependence of the OER activity of CoMn LDH and
Co(OH), + Mn,0O; on CFP. For both catalysts, a linear
correlation of Jg,-350 my and Cy was found (Figure S11, SI).
When the surface area factor is corrected, the CoMn LDH is still
2.2 time more active than Co(OH), + Mn,O;. We attribute this
activity enhancement to better charge transfer kinetics on CoMn
LDH.

Interestingly, the OER activity of CoMn LDH can be
significantly improved by anodic conditioning (AC). After 3 h
of galvanostatic conditioning at an anodic current density J = 10
mA cm ™ (inset in Figure 3a), the overpotential (/g)=10 ma cm™)
decreased by about 20 mV for CoMn LDH, but only negligibly (3
mV) for Co(OH), + Mn,O; (Figures 3a and S12, SI). AC for 17
h further decreased 7g)_19 ma e by 12 mV to 293 mV (Figure

dx.doi.org/10.1021/ja5096733 | J. Am. Chem. Soc. 2014, 136, 16481—16484



Journal of the American Chemical Society

Communication

25 -
a S 034
o \\\
£0.32
§ 151 §
LE) 9030 1 2
E 10 Time (h)
= Before AC
> 5 After AC(3h)
After AC(17h)
O- T T
0.20 0.25 0.30 0.35
V

b 20 7 (V)

Y- 15 e e
E 5 n =300 mV
S~ 0

0 2 4 6 8 10 12 14
Time (h)
c .
5 40 === Experimental
£ == Calculated
230
°
& 20
=}
°
2 10
Q.
oo : .
0 1 2 3 4 6
Time (h)

Figure 3. (a) LSV curves showing the effect of continuous anodic
conditioning (AC) at ] = 10 mA cm > for CoMn LDH. (b)
Chronoamperometric curve at # = 300 mV for OER catalyzed by
CoMn LDH for 14 h. (c) Calculated versus actual oxygen production
catalyzed by CoMn LDH at a constant oxidative current of 1 mA.

3a). After this treatment, the current density reached 16.5 mA
ecm™2 at 7 = 300 mV, and 231 mA cm™* at 7 = 350 mV. This
enhanced activity is durable: the current density remained at 16.5
mA cm™? at 77 = 300 mV for more than 10 h (Figure 3b). Figure
S13, SI, shows that the high activity is maintained for more than
25 h in galvanostatic electrolysis. For comparison, the same 3 h
AC increased the overpotential required for ] = 10 mA cm™ by
12 mV for IrO, nanoparticles (Figure S14, SI). These results
indicate that the activity enhancement by AC is unique to CoMn
LDH. The Faradaic efficiency for OER catalyzed by CoMn LDH
was determined using a fluorescence O, detector. The Faradaic
yield was quantitative during a 5 h electrolysis experiment
(Figure 3c).

Table 1 compares the activity of CoMn LDH with Co—Pj,
Co0,, MnO,, and their composites, as well as several state-of-
the-art oxide catalysts including IrO,, BSCF, CoCo and NiCo
LDH, and NiFeO,. To compare the intrinsic activity, turnover
frequencies (TOFs) were used. The TOF of CoMn LDH was
calculated assuming all the Co ions were active, which was the
lower limit of the activity. The TOF of CoMn LDH at = 350
mV (1.05 s7') was more than 20 times higher than those of Co—
Pi, CoO,, MnO,, and their composites (such as mixed Co/Mn
spinel), and nine times higher than that of IrQ,.*%*7*'%!* Thjs
makes CoMn LDH the most active Co- or Mn-based OER
catalyst to date. Bell and co-worker reported a higher TOF for a
submonolayer CoO, film deposited on Au."> However, the high
activity of monolayer CoOx@Au was largely due to a strong
promotion of Au, and the activity decreased dramatically when
the loading was increased to 87 monolayers (~0.006 mg cm™2).
The activity of CoMn LDH is much higher than both bulk and
exfoliated CoCo and NiCo LDH, highlighting the important
influence of Mn. Table 1 also shows that the activity of CoMn
LDH is comparable to the activity of the best NiFeO, and
perovskite catalysts.*>®”

Table 1. Comparison of OER Activity in Alkaline Medium

2 1 Mass
Catalysts rOR a0y activity
@350mV  @300mV @(3:(;{‘)‘\7
CoMn After AC 10S 7.5 159
LDH® Before AC 13 0.9 18.8
Co0,58abe10 0.08~SP /
Co/tMn 0 stcidus 0.02-2¢ / /
(g)}(’i‘cil?s) CoMnO 3414 0.08~4b / /
Co-pPi®? ~0.2bf / /
CoO@ ~87 Monolayers' 6 / /
Aub 0.4 Monolayers' 180 / /
CoCo Bulk” / 0.14 /
LDH"  piffaed™ / 035 /
NiCo Bulk™ / 0.32 /
LDH? Exfoliated” / 1.1 /
NiFeO. / 21 /
NiFeOx*  NiFe LDH™ / ~4.9 /
NiFe LDH @CNT”? / 56 /
Perovskite®?  BSCF** / ~0.71 ~10
IrO,° Nanoparticles®! 4" / 0.6~0.8 11~15

“This work. Assuming all the following atoms are active for OER:.
bCo, “Mn, *Ni, and °Ir atoms. “Caculated at n =410 mVin pH = 7.
2Co(OH), + Mn,05 and spinel MnCo,0y,. 1r0, in this work.

The origin of the activity enhancement by AC was probed. The
electrochemical surface area (determined by capacitance
measurements) and the Tafel slopes of CoMn LDH are similar
before and after AC (Figure S1S, SI). Postcatalysis character-
ization of CoMn LDH after different AC intervals was then
conducted. SEM, TEM, and XRD show that the nanoplate shape,
crystal structure, and phase of CoMn LDH do not change during
the AC process (Figures S16 and S17, SI), while HR-TEM
reveals thin amorphous regions at the surface of the nanoplates of
CoMn LDH after AC (Figure S18, SI). The elemental analysis by
ICP-AES (Table S2, SI) shows that in the first 3 h of AC the Co/
Mn atomic ratio increased from 2.001 to 2.088, indicating the
leaching of Mn ions into the electrolyte. Similar leaching
phenomenon was observed for LiCoPO, during OER catalysis: P
leached from the surface to create amorphous surface phase,
which was more active than crystalline LiCoPO,.'® We
hypothesized that during AC, some Mn ions of CoMn LDH
were leached at the surface to give amorphous layers. These
amorphous regions (Figures S18 and S19, SI) are rich in under-
coordinated Co ions (defect sites), which could be a factor for the
enhanced activity after AC. Previously it was proposed that the
key step for OER by CoO,, was the proton-coupled one-electron
oxidation of Co™—OH to Co™—0."""7 It is possible that AC
also leads to the accumulation of Co(IV) species in the newly
formed amorphous layer to enhance the OER activity. This
hypothesis needs to be tested by advanced in situ spectroscopic
studies. For the moment, we obtained only indirect support by
comparing the effects of AC on two different electrode
substrates, GC and CFP. GC might be considered inert, while
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Figure 4. Comparisons of TOFs on GC and CFP at 7 = 300 mV. (a)
Different AC time. (b) Degradation after AC (3 h). The error bar
represents the range of results from three independent measurements.

CFP is more reductive. Figure 4a shows that CoMn LDH has
similar activity on GC and CFP after 3 h of AC. However, further
AC only increased the activity of the catalyst on GC; but not on
CFP. This difference might be attributed to the reductive nature
of CFP, which suppresses the accumulation of Co(IV). The OER
activity of CoMn LDH after AC decreases when the anodic
potential is removed (Figure S20, SI). This decay of activity is
consistent with previous report that Co(IV) species only exist at
operating potentials of OER.">'7"# The decay of OER activity
was examined by LSV (from 1.41 to 1.61 V vs RHE) after 3 h of
AC (Figure S21, SI). Figure 3b shows that the decaying rate on
CFP was much faster than the rate on GC. This is again
consistent with the reductive nature of CFP.

In conclusion, we report that ultrathin nanoplates of CoMn
LDH are a highly active and robust OER catalyst in alkaline
medium. This is the first time that a Co- or Mn-based oxide
exhibits comparable activity to the best Ni- or Fe-based oxide
catalysts, which considerably expands the chemical space of
earth-abundant OER catalysts. We uncover that anodic
conditioning enhances significantly the activity of CoMn LDH
catalyst, and we propose that this is due to the formation of
amorphous layers at the surface and possibly the accumulation of
active Co(IV) species in the amorphous layers.
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