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ARTICLE INFO ABSTRACT
Article history: The design of electrocatalysts with lower overpotential is of great significance for water splitting. Herein,
Received 16 September 2020 cobalt hydroxide carbonate (CCH) has been used as a model to demonstrate the boost of its oxygen evo-
/lievnsedji\lovembebr 2%20 lution reaction (OER) activity by atomic doping of W®* (W-CCH). The 5 at % W doping reduced the OER
A\C,Z?gt;]e on]\lji(;‘;e::(xir overpotential of CCH by 95.3 mV at 15 mA cm 2, and increased the current density by 2.8 times at
1.65 V. 5%W-PCCH || 5%W-CCH-based electrolyzer only required a potential of 1.65 V to afford

P s 10 mA cm? for full water splitting. The W®* in CCH are active sites for O3 adsorption and induced an
Elegc‘:ﬁ)rdi‘emist incesaed electron density near the Fermi level, which facilitates the charge transfer during electrocatal-
Heterometal dg{)ing ysis. The W®" doping has been validated as an efficient booster for transition-metal carbonate
Oxygen evolution reaction hydroxides-based electrocatalysts, which has half or more than half-filled d—l?ands. .
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1. Introduction

Electrocatalytic water splitting for hydrogen and oxygen pro-
vides promising energy carrier for clean energy systems, while
half-reaction of OER is regarded as the bottleneck [1]. OER involves
four successive proton-coupled electron transfer processes in addi-
tion to the O—0 bond formation and is kinetically sluggish with a
high overpotential required [2]. Except for the scarcity and high
cost, the unsatisfactory durability of Ir-based electrocatalysts
makes the development of new catalysts imperative [3]. The cat-
alytic efficiencies for non-precious metal catalysts are limited by
kinetically sluggish surface species adsorption and carrier transfer
of the OER [4]. Earth-abundant transition-metal-based electrocata-
lysts including (Fe, Co, and Ni)-based sulfides [5], oxides [6],
hydroxides [7,8], selenides [9], layered double hydroxides (LDHs)
[10,11], binary alloy [12,13] and phosphates [14-16] have received
considerable research interest in recent years. In particular, the Co
and Ni-based hydroxides have been investigated for various elec-
trocatalytic processes, such as OER [17], oxygen reduction [18],
hydrogen evolution reaction (HER) [19]. Despite layered structure
and redox rich properties, transition metal carbonate hydroxides
(MCH), M(OH)2(x-1)CO3-nH,0, has been rarely explored as electro-
catalyst [20]. Cobalt carbonate hydroxides (CCH) required an over-
potential of 0.509 V at a current density of 10 mA cm~2 [21], and
the construction of a hierarchical structure to increase the catalytic
activity by improving the exposure of electroactive sites was
unsatisfactory.

To boost the reactivity of active sites and modulate the surface
electronic structure toward OER, the combination of Co/Ni-
hydroxides with heterometals by doping [22], alloying[23] or con-
structing heterostructures[24] are required [25]. Fe, Co, Ni-based
transition metal can be alloyed with transition metals that have
empty or less than half-filled d-bands to achieve a better electro-
catalytic activity [26-28]. However, most of these alloys are vul-
nerable to dissolution or have phase separation concerns during
the electrocatalytic process, such as the dissolution of Mo from
Co-Mo alloy [29]. Recently, high valence metal species are reported
to enable high OER performance due to its low coordination num-
bers, which facilitate the deprotonation of OOH species to produce
0, [30]. Zhang et al. reported that the W doping of FeCo hydroxides
provides preferable adsorption for OER intermediates [31]. Yan
et al. have found the d® W®* atoms with a low spin-state has more
outermost vacant orbitals to facilitate water and OH™ adsorption
on Ni(OH), [7]. As a precursor for the synthesis of cobalt oxides,
CCH can be easily prepared by a one-step hydrothermal process
in high yield in energy-saving conditions such as low temperature,
atmospheric pressureand with water as a solvent [32]. It would be
a great advance if the intrinsic activity of low-cost CCH can be sig-
nificantly boosted for wide applications.

Motivated by this, we introduced the atomic level of W®* dop-
ing into single crystal orthorhombic CCH via a one-step, in-situ
hydrothermal method. The 5 at.% of W®* doping can significantly
boost the OER performance of CCH, which required an overpoten-
tial of 318 mV to reach a current density of 10 mA cm~2. W¢*
dopant dose has an important effect on the electrocatalytic perfor-
mance of W-CCH, and catalytic activity enhancement has only
been observed at a less than 10 at.% of W doping level. To elucidate
the critical role of the tungsten, 5-20 at.% tungsten doped transi-
tion metal carbonate hydroxides, such as manganese carbonate
hydroxide (W-MnCH), iron carbonate hydroxide (W-FeCH) and
nickel carbonate hydroxide (W-NiCH) have been synthesized with
their electrocatalytic activity toward OER and HER systematically
evaluated. W-CCH has been selected as a demonstrator to show
the tunning of electrocatalytic activity by high valence W doping.
The substitution of Co in CCH atoms by W is expected to provide
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more abundant and efficient adsorption sites and accelerate OER
kinetics without increasing of the dissociation energy of the prod-
ucts as revealed by DFT calculation. Tungsten doping has been val-
idated as an efficient booster for transition-metal carbonate
hydroxides-based electrocatalysts, which have half or more than
half-filled d-bands. This concept envisions an efficient strategy
for the design of Co, Fe, or Ni-oxides/hydroxide-based catalysts
by introducing the atomic percentage of high valence metal doping
for challenging multi-electron electrocatalysis.

2. Experimental section
2.1. Materials

All chemicals reagents or materials were used directly without
any further purification: cobalt nitrate hexahydrate (99%, Aladdin),
ammonium fluoride (98%, Aladdin), urea (>99%, Sinopharm Chem-
ical Reagent Co. Ltd.), ethanol (Wuxi Yasheng Chemical Reagent Co.
Ltd.), ammonium metatungstate (>99%, Aladdin).

2.2. The pretreatment of carbon cloth

Commercial carbon cloth was subsequently ultrasonicated in
ethanol, acetone, and deionized water for 5 min to remove the
impurities. The carbon cloth was further soaked in a 0.5 M nitric
acid overnight to improve its hydrophilicity.

2.3. Synthesis of CCH

291 mg of Co(NO3), 6H,0, 600 mg of urea, and 371 mg of
ammonium fluoride were dissolved in 40 mL of deionized water
and stirred for 20 min to form a clear pink solution. The mixture
and pretreated carbon cloth (2 x 3 cm~2) were put into an auto-
clave for hydrothermal reaction at 120 °C for 6 h. After cooling
down to room temperature, the carbon cloth was subsequently
rinsed with deionized H,O and ethanol, and then dried in vacuum
at 60 °C to obtain CCH.

2.4. Synthesis of W-CCH

The preparation of W-CCH was similar to that of CCH, except
that different amounts of ammonium metatungstate
(HgNe041W12) were added to the precursor solution for
hydrothermal reaction. The final samples were denoted as x-
WCCH, where x represented the W to Co molar ratios of the precur-
sors, and x corresponded to 2%, 5%, 10%, and 25%.

2.5. Synthesis of W-MCH

The preparation method was similar to CCH. 10 mmol of MnCOs
and 1.15 M urea, 10 mmol Fe(NOs3), and 45 mmol urea, 10 mmol Ni
(NO3), 6H,0 and 480 mg urea and 64 mg of ammonium fluoride
were used to synthesis MnCH, FeCH, and NiCH, respectively. Differ-
ent amount of ammonium metatungstate (H,gNgO4,W;3) to metal
ions with molar ratios varied from 1% to 20% were added to the
precursor solution to synthesis W-MCH.

2.6. Synthesis of PCCH and 5%W-PCCH

W(CCH or CCH was separately placed at one end of a small porce-
lain boat with 100 mg of NaH,PO, solid at the upstream side of the
porcelain boat and annealed at 300 °C for 1 h in Ar, with a tempera-
ture ramping rate of 10 °C min~'. 5%W-PCCH and PCCH were washed
thoroughly with ethanol and dried in vacuum at 60 °C overnight.
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2.7. Material characterization

X-ray diffraction (XRD) patterns of the samples were recorded
on Bruker AXS D8 DISCOVER X-ray diffractometer with Cu Ko radi-
ation (=1.5406 A) at a scanning rate of 1° min~!. Scanning electron
microscopy (SEM) images were taken on a JEOL JSM-7800F. Trans-
mission electron microscopy (TEM), selected area electron diffrac-
tion (SAED) and high-resolution transmission electron microscopy
(HRTEM) were performed on JEM-2010F at an acceleration voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS, Esca Lab 250Xi
X-ray, Al Kat), inductively coupled plasma optical emission spec-
trometry (ICP-OES, Optima 8300), and ultraviolet photoelectron
spectroscopy (UPS, Thermo Fisher Scientific Esca lab 250xi) were
applied to analyze the surface composition and energies in the
valence region. The thermogravimetric thermal analysis (TGA) of
the samples was performed on Perkin-Elmer, Pyrisl in N, atmo-
sphere from 30 °C to 950 °C at a ramping rate of 10 °C min~".

2.8. Computational details

The first-principles calculations of the density of states and
charge density differences were performed in Castep and VASP
software, respectively, using a generalized gradient approximation
(GGA) method augmented by a Hubbard U term (GGA + U) with
PBE functional. The cutoff energy was set at 340 eV, and the atomic
positions were relaxed until the energy and force were less than
10 eV and 3 x 1073 eV A, respectively. The model of W-doped
(5%-CCH) was constructed according to the experimental data
with one W atom substitute one Co atom in a supercell that has
20 Co atoms.

2.9. Electrochemical measurements

All electrochemical tests were carried out on a CHI760E work-
station at room temperature in 1 M KOH. The OER and HER activity
of electrodes were evaluated with an as-prepared electrode as a
working electrode, graphite rod and Ag/AgCl electrode were
applied as counter and the reference electrode, respectively. Elec-
trochemical impedance spectroscopy (EIS) measurements were
performed at a frequency from 100 kHz to 0.01 Hz with AC ampli-
tude of 10 mV. The linear voltammetry curves were measured at
-0.9~1.6VandO0.2 ~1.0V vs. Ag/AgCl for HER and OER reactions
at a scan rate of 10 mV s~ !, respectively. Chronopotentiometry
measurement at the current density 20 mA cm~2 was applied to
evaluate the stability of the catalysts for HER and OER. All polariza-
tion curves were iR corrected, and all potentials were converted
into reversible hydrogen electrode (RHE) according to: Erug = Eag
AgCl + 0.059 x pH + 0.205.

Water-splitting devices were assembled with 5%W-CCH and 5%
W-PCCH as positive and negative electrodes, respectively. The sta-
bility of the electrolyzer for overall water splitting was measured
by chronopotentiometry at a current density of 10 mA cm 2 about
40 h. The electrochemical active surface areas (ESCA) of the CCH
and W-CCH electrodes were estimated from the double-layer
capacitance (Cq;) charging curves via cyclic voltammetry [33]. Cyc-
lic voltammograms (CVs) at various scan rates were applied to cal-
culate the Cyq within the selected non-Faradaic region
(0.48 ~ 0.58 V vs. RHE).

3. Results and discussion

W-doped CCH nanorods have been prepared by the one-step
in-situ hydrothermal method with a schematic illustration shown
in Fig. 1a. The hydrolysis of urea provided both carbonate and
hydroxyl anions to form cobalt hydroxide carbonate [34]. Fluoride
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anions as effective functional templating agents help the assembly
of nanocrystals to form nanoarrays [35]. The reactions to produce
hydroxide carbonate can be expressed as follows:

H,NCONH, + H,0 — 2NH; + CO, (1)
CO, + Hy0 — CO;> +2H* )
NH; + H,0 — NH,* + OH- 3)

Co?* +OH~+ 0.50C032~ + 0..11H,0 « Co (CO3)y50(OH)-0.11H,0
4

Fig. 1b-g have shown the scanning electron microscopy (SEM)
images of the as-synthesized samples. The surface of CCH is fully
covered with W-CCH nanorods with a uniform length of 5 um.
The doping of W barely changes the morphology of CCH, while
the density of W-CCH nanoarrays decreases with the increase of
W concentration from 10% to 25% (Fig. 1f-g). The W-CCH nanoarray
has shown brush-like nanoarrays form bundle-like clusters, while
the CCH has an typical needle-like nanoarrayed structure. Trans-
mission electron microscopy (TEM) images (Fig. 1h) have shown
that the rod-like 5%W-CCH has an average length of 1-2 pm and
a width of 50 to 300 nm. TEM image has demonstrated a rugged
surface feature for 5%W-CCH nanorods with the lattice fringes that
can be ascribed of the (220) plane of CCH. The doping of W into
CCH crystals induced a contraction of (020) plane and expansion
of (221) plane (Fig. S1). The corresponding SAED pattern (Fig. 1i)
indicated the single crystallinity of CCH nanorod. Darkfield high-
resolution TEM and the corresponding elemental mapping have
shown the homogeneous distribution of both Co and W in the
W-CCH nanorods (Fig. 1j). Inductively coupled plasma mass spec-
trometry (ICP-MS) analysis of 5%W-CCH revealed the atomic ratio
of W was 4.3% for 5% W-CCH, indicating the majority of W precur-
sor was adopted as a doping element for CCH.

XRD patterns (Fig. 2a and S2) indicated both CCH and W-CCH
are orthorhombic Co(CO3)g50(OH)-0.11H,0 (JCPDS no. 48-0083).
The diffraction patterns of W-CCH have not shown significant devi-
ation from that of CCH; however, the doping of W leads to a red-
shifted of (001) plane at ~ 19.9° and a blue-shifted of (22 1) plane
at ~ 33.8°. Therefore, 2-10 at.% of W®* doping did not lead to signif-
icant structural deformation or forming side phases due to the
lower ionic radii of W®" (0.6 A) compared with Co®* (0.74 A), and
the low dopant concentration in atomic percentage level. The
diffraction peak at ~ 53°, which can be ascribed to the dehydrated
cobalt carbonate hydroxides. (JCPDS card, no. 29-1416, Co,(OH),-
CO3). TGA of CCH and 5% W-CCH are displayed in Fig. S3. The
weight loss of CCH and W-CCH from 30 °C to 350 °C is associated
with the loss of internal water molecules and hydroxyl groups,
including crystal water and absorbed water. Further increasing
the temperature from 350 °C to 800 °C leads to a significant weight
loss due to the decomposition of carbonate anions groups of CCH,
followed by the carbonization of Co304 to cobaltous oxide (CoO)
[34]. The decomposition of carbonate anions groups of 5% W-
CCH requires a 10-20 °C higher temperature than that of CCH.
The total weight loss of 5% W-CCH (32.20%) is 7.6% less than that
of CCH (39.80%), indicating the improved thermal stability of the
former. XRD analysis (Fig. S4 and Table S1) of 5% W-CCH after
TGA measurement indicate CoWO,4 (JCPDS No. 15-0867) and CoO
(JCPDS no. 48-1719) are the major products. TGA analysis has
demonstrated high thermal stability for W-doped CCH.

X-ray photoelectron spectroscopy (XPS) has been applied to
gain insight into the chemical states of W and Co. XPS survey
(Fig. 2b) reveals the presence of C, Co, O for CCH and the incorpo-
ration of W for W-CCH with the binding energy of 30-40 eV for W
4f orbitals. The high-resolution narrow scan of Co 2p of 5%W-CCH
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Fig. 1. a) Schematic illustration of the fabrication of CCH and W-CCH. The Co, W, C, O, and H atoms are represented by small blue, yellow, grey, red and white spheres,
respectively. b) SEM images of CCH, c-d) 5% W-CCH, e-g) 2-10% W-CCH. h-i) TEM images and SAED pattern of 5%W-CCH, j) EDS mapping of 5%W-CCH and the dark-field
HRTEM image (inset). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 2c) has shown four major peaks with two satellites. The peaks
at 781.5 and 797.5 eV can be assigned to Co®" [36]. Compared to
the CCH, the binding energy of Co 2ps; for Co*" in catalyst has a
blue shift by ~ 0.2 eV, indicating W doping does not significantly
change the valence of Co but leads to a decreased charge density
on Co. The W 4f spectrum (Fig. 2d) with peaks located at 37.5
and 35.6 eV can be ascribed to W®, and the peaks at 35.3 and
36.6 eV correspond to W>* [37]. W presence as high-valence dop-
ing for CCH, and the atomic percentage of W has not changed the
crystal structure of CCH.

The electrocatalytic activity of CCH and W-CCH with various
molar ratios of W toward OER was evaluated in a typical three-
electrode setup. 5%W-CCH has the best catalytic activity among
all the samples, delivered a much higher current density than that
of the others at the same overpotential (Fig. 3a). 5%W-CCH
required overpotentials of 318, 365, and 433 mV to reach current
densities of 10, 50, and 200 mA cm~2 (Fig. 3b), respectively, while
the CCH reference required 332, 391 and 489 mV to reach the same
level. The 5%W-CCH has superior catalytic activity than that of W-
CCH in 2%, 10%, and 25% of W doping ratios. Moreover, 2%W-CCH,

5%W-CCH, 10%W-CCH and 25%W-CCH have Tafel slopes (Fig. 3c) of
65.67, 65.45, 66.6 and 78.82 mV dec”!, respectively, smaller than
that of bare CCH (80.8 mV dec!). To evaluate the contribution of
intrinsic catalytic activity, electrochemically active surface area
(ECSA) of the samples estimated from the electrochemical
double-layer capacitance (Cq) has been applied to normalize the
LSV curves [38]. The characteristic CV cures of W-CCH and CCH
at different scan rates are shown in Fig. S5. As shown in Fig. 3d,
the increase of W doping from 2% to 10% lead to a gradual decrease
of ESCA from 0.5 to 0.35 mF cm 2, all lower than that of bare CCH
(0.65 mF cm~2). This suggests the enhanced activity of W-CCH is
dominantly caused by the improvement of its intrinsic catalytic
activity rather than simply increase its surface area, which facili-
tating electroactive species adsorption. LSV curves plotted
(Fig. 3e) according to the ESCA of each catalyst have clearly shown
the excellent catalytic performance of 5%W-CCH. The overpoten-
tials of CCH, 2%W-CCH, 5%W-CCH and 10%W-CCH are 468.4,
426.6, 396.2, and 407.9 mV at 10 mA cm 2, which increased to
513.8, 453.5, 418.6, 430.6 mV at 15 mA cm 2. The 5% doping of
W for CCH reduced the overpotential for OER by 72.2 and



M. Jin, J. Li, ]. Gao et al.

—_—
Y
N

2% W-CCH

(221) 5
30 ) 5%W-CCH

(020) V-CCH (060) (142)

Intensity (a.u.)

JCPDS No. 48-0083 Co(CO )0 5(OH) 0.11H,0

(2 1) _(040)
301)(340
r( 23)1‘)| ’“’“’(142)'

(020)

001) (ZT

10 60
2-Theta (degree)

5%W-CCH Co 2p

Intensity (a.u.)

810 805 800 795 790 785 780
Binding Energy (eV)

Fig. 2.
of 5%W-CCH.

95.3 mV to achieve a current of 10 and 15 mA cm 2, respectively.

The 5%W-CCH has shown the best catalytic activity among all the
samples, delivered a 2.8 times higher specific current density than
that of CCH at a 1.65 V vs. RHE (Fig. S6). Nyquist plots normalized
to the geometric area of the electrode (Fig. S8) have shown a lower
charge-transfer resistance and ion diffusion resistance for 5%W-
CCH, indicating a faster OER kinetics. Chronopotentiometric mea-
surement of 5%W-CCH at a constant current of 20 mA cm 2 has
been applied to evaluate its stability toward water oxidation. The
potential of 5%W-CCH maintained at ~ 1.6 V for ~ 40 h without
appreciable deactivation, indicating the high electrocatalytic sta-
bility of W-CCH (Fig. 3f).

In order to pair with 5% W-CCH for water electrolysis, 5%W-CCH
and CCH have been phosphatized with NaH,PO, as the phosphorus
source and the as-obtained products were denoted as PCCH and 5%
W-PCCH, respectively. Both PCCH and 5%W-PCCH have a nanoar-
ray structure without obvious morphology change compared with
those before phosphatization (Fig. S9). XRD patterns (Fig. S10b) of
PCCH and 5%W-PCCH display the representative peaks of CoP
(JCPDS no. 29-0497). HER activities of as-synthesized samples
were measured in 1 M KOH with a graphite rod as the counter elec-
trode. Both PCCH 5%W-PCCH have superior performance than
those of CCH and 5%W-CCH, and 5%W-PCCH has shown the highest
HER activity (Fig. 4a). The overpotentials required to reach a cur-
rent density of 10 mA cm~? are 381, 132, 368, and 106 mV for
CCH, PCCH, 5%W-CCH, and 5%W-PCCH respectively. Tafel slope
(Fig. 4b) of 5%W-PCCH was measured to be 59.0 mV dec™!, lower
than of PCCH (62.3 mV dec™!), implying a faster HER kinetics for
5%W-PCCH. Nyquist plots of PCCH and 5%W-PCCH (Fig. S10a)
illustrate an improved conductivity after phosphatizing, and 5%

(b)
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a) XRD patterns of the CCH and W-CCH with the different molar ratios of W/Co. b) XPS spectra of CCH and 5%W-CCH. d-e) high-resolution XPS Co 2p and W 4f spectra

W-PCCH has a smaller charge transfer resistance. The long-term
stability and durability of 5%W-PCCH were tested by chronopoten-
tiometry method at a current density of 20 mA cm 2. Over 40 h,
The current response remains almost unchanged under the contin-
uous operating conditions over 40 h, with an increase of overpo-
tential of 28 mV (Fig. 4c). The polarization curves of PCCH||CCH
and 5%W-PCCH||5%W-CCH electrolyzer in 1 M KOH for overall
water splitting are shown in Fig. 4c. For 5%W-PCCH||5%W-CCH-
based electrolyzer devices, the potential required to catalyze water
oxidation at 10 mA cm~2 is 1.65 V, outperformed that of PCCH]||
CCH electrodes (1.72 V). Vigorous oxygen and hydrogen bubbling
can also be observed clearly when the two-electrode overall water
splitting system was powered (inset Fig. 4d). 5%W-PCCH||5%W-
CCH required an overpotential of 318 mV to achieve a current den-
sity of 10 mA cm 2, which was among the lowest compared to
those recently reported high-performance catalysts based devices
[12,39-47] (Fig. 4e), far more exceed that of the industrial standard
for water electrolysis voltage (1.8-2.2 V) [48]. The durability of 5%
W-PCCH||5%W-CCH-based (Fig. 4f) electrolyzer in 1 M KOH has
been investigated, and the decomposition voltage of water only
increased by 35 mV after 40 h of continuous electrolysis at a cur-
rent density 10 mA cm 2. After 40 h of water electrolysis, the volt-
age of PCCH||CCH-based electrolyzer (Fig. S10d) increased by
200 mV. Based on the above investigations, doping of high-
valence W in the atomic percentage level is a facile and effective
method to boost the intrinsic catalytic activity of CCH for OER
and HER.

Based on the above investigations, doping of high-valence W in
the atomic percentage level is effective in boosting the intrinsic
catalytic activity of CCH toward OER and HER. To gain in-depth
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Fig. 3. The OER performance of CCH and W-CCH with different ratios of W to Co. a) The linear polarization curves. b) Overpotentials required for j = 10, 50, and 200 mA cm ™%,

2

c) Tafel plots for CCH and W-CCH. d) ESCA calculated by plotting the Aj against the scan rate. e) The LSV curves plotted according to ESCA of each catalyst. f)
Chronopotentiometric curve of 5%W-CCH at j = 20 mA cm~2 for continuous OER process.

understanding of the underlying mechanism for the enhanced
activity of W-doped CCH, valence band structure, and the density
functional theory (DFT) calculation have been conducted. Ultravio-
let photoelectron spectroscopy (UPS) (Fig. 5a) has shown that the
valence band maximum values are ~ 5.22, 5.11, and 5.00 eV for
CCH, 5%W-CCH and 10%W-CCH, respectively. Since the valence
electrons close to the Fermi level mainly contributes to the d
states, the shift of the valence band implied the d-band center of
5%W-CCH also shifts compared to that of CCH [49]. Earlier work
has reported the W®" dopant can adjust reactants and intermedi-
ates adsorption/desorption, and thereby improve the intrinsic cat-
alytic activity of transition metal compounds [20]. The specific
roles of W®* and Co on the catalytic process need to be explored
with more experimental and theoretical evidence. DFT was
employed to calculate the density of state (DOS) and partial DOS
(PDOS) of CCH and W-CCH and further evaluate the overlapping
of the d-orbitals of metal atoms after the heterometal doping
[50]. The calculations were performed by GGA/PBE method in
Castep software with the corresponding models illustrated in
Fig. S11a. The d orbital of W positioned near the Fermi level

contribute higher state density per atom than that of Co (Fig. 5¢),
indicating the W dopant facilitates the charge transfer at the cat-
alytic process. In addition, compared with the CCH, the total DOS
of W-CCH (Fig. S11b) decrease at around Fermi level, implying
the doping of W decreases the energy of Co atoms, thus enabling
Co more difficult to lose electron which reduces the energy barrier
of O,-dissociation step. The change of charge density (Fig. 5b) with
the cyan and yellow represents depletion and accumulation of
electron density, respectively. The W dopant barely attracts elec-
tron or electron density from Co toward itself. The O atoms adja-
cent to Co atoms has shown an increase of charge density,
indicating the electron donation from Co to m* orbital of O from
adsorbed reactants is possible, which can reduce the energy for
0, dissociation and promote the evolution of O,. The reduced total
density of states for W-CCH also desmontrate the easier desprotion
of byproducts from the W-CCH surface. It is noteworthy that the
electron density of W®" barely changed after they were adopted
as dopants for CCH, indicating the electrophilicity of W has been
well maintained, which facilitates surface hydroxyl adsorption
and *OOH intermediates formation. The high valence W element
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Fig. 4. a) HER polarization curves of CCH, 5%W-CCH, and their corresponding phosphides. b) Tafel plots for PCCH and 5%W-PCCH. c) Chronopotentiometric curve of 5%W-
PCCH at j = 20 mA cm2 for continuous HER process. d) The digital photograph and polarization curves of 5%W-PCCH || 5%W-CCH overall water splitting devices. e)
Comparison of the overpotential values required for cobalt-based OER catalysts to drive a current density of 10 mA cm 2. f) long-term stability test at 10 mA cm~2 over 40 h.

has enough unoccupied outmost electron orbital to bind with
water molecules as efficient adsorption sites, while the Co sites
reduce the dissociation energy of the products. The W and Co-
work synergistically accelerate the OER kinetics and lead to a lower
overpotential.

To validate the effect of W8 dopant on the electrocatalytic per-
formance of various types of transition metal carbonate hydrox-
ides, 5-20 at.% of W® doped MnCH, FeCH, NiCH have been
prepared with their OER activity systematically evaluated. Signifi-
cant improvement can be observed for NiCH, CCH, and FeCH, while
the W" doping is ineffective for MnCH from Fig. S12. The Ni?* and
Co*" in NiCH and CCH have a d-electron structure of d8 and d7,
respectively. The d5 Fe*" in FeCH has a half-filled d-band, and d4
Mn>* has a less than half-filled d band. The charge transfer process
illustrated in Fig. 5d explains how the W®" dopant modifies the
charge transfer process of CCH. The e™- e” repulsion is the dominant
interaction between the bridging 0%~ and Co®* during the adsorp-
tion process of CCH, as the t,, d orbitals of Co** in the low-spin
state are fully occupied [51]. The W®* has empty 5d orbitals, which

enable the acceptance of the donation of 7 electrons from 02"
adsorbates. Therefore, the high valence W-dopant is effective
adsorption sites for MCH, which has more than half-filled d-
bands. However, d4 Mn>®" has a less than half-filled d bands, and
the WS doping has shown insignificant improvements for MnCH.
The W®" doping is effective in promoting the OER catalysis of
MCH, which has half or more than half-filled d-bands, and W®*
work as active sites for O3 adsorption.

4. Conclusion

Herein, we report the atomic level of W®* doping to boost the
intrinsic electrocatalytic performance of CCH. The 5 at.% of W®"
doping of CCH boost the specific current density of OER by 2.8
times at a given potential of 1.65 V vs. RHE, and reduce the overpo-
tential for water oxidation by 95.3 mV at a current of 15 mA cm 2.
5%W-PCCH||5%W-CCH-based electrolyzers only required a small
potential of 1.65 V to afford a 10 mA cm 2 current density for full
water splitting. The remarkable performance of W-CCH can be
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Fig. 5. a) UPS spectra of CCH, 5% W-CCH and 10% W-CCH. b) Charge density differences for Co, W, C, H and O atoms in 5%W-CCH. c) The PDOS of 5%W-CCH. d) Schematic

representation of the electronic coupling between Co and W in W-CCH.

ascribed to the atomic percentage of W% doping into CCH, which
promoted the intrinsic catalytic activity of CCH. W®" atoms have
abundant vacant orbitals for O3 adsorption, while the doping facil-
itates the desorption of byproducts and reduces the energy barrier
for O, dissociation. The W®* doping is effective in promoting the
OER catalysis of MCH, which has half or more than half-filled d-
bands. The remarkable improvement by atomic percentage W¢*
doping envisions an efficient modulation strategy of electrocata-
lysts by high valence heterometal doping.
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