THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA

NOVA
University of Newcastle Research Online

nova.newcastle.edu.au

Li, Meng; Wang, Yu; Zheng, Yang; Fu, Gengtao; Sun, Dongmei; Li, Yafei; Tang, Yawen;
Ma, Tianyi. “Gadolinium-induced valence structure engineering for enhanced oxygen
electrocatalysis”. Advanced Energy Materials Vol. 10, Issue 10, no. 1903833 (2020).

Available from: http://dx.doi.org/10.1002/aenm.201903833

This is the peer reviewed version of the following article: Li, Meng; Wang, Yu; Zheng, Yang;
Fu, Gengtao; Sun, Dongmei; Li, Yafei; Tang, Yawen; Ma, Tianyi. “Gadolinium-induced valence
structure engineering for enhanced oxygen electrocatalysis”. Advanced Energy Materials Vol. 10,
Issue 10, no. 1903833, which has been published in final form at
http://dx.doi.org/10.1002/aenm.201903833. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.
This article may not be enhanced, enriched or otherwise transformed into a derivative work,
without express permission from Wiley or by statutory rights under applicable legislation.
Copyright notices must not be removed, obscured or modified. The article must be linked to
Wiley’s version of record on Wiley Online Library and any embedding, framing or otherwise
making available the article or pages thereof by third parties from platforms, services and
websites other than Wiley Online Library must be prohibited.

Accessed from: http://hdl.handle.net/1959.13/1418559



http://dx.doi.org/10.1002/aenm.201903833
http://dx.doi.org/10.1002/aenm.201903833
https://nova.newcastle.edu.au/vital/access/manager/Repository?view=null&f0=sm_identifier%3A%22http%3A%2F%2Fhdl.handle.net%2F1959.13%2F1418559%22&sort=ss_dateNormalized+desc%2Csort_ss_title+asc

'.) Check for updates

DOI: 10.1002/((please add manuscript number))

Article type; Articl

{

Gadoliniu lence Structure Engineering for Enhanced Oxygen Electrocatalysis

rip

Meng Li#* # Yang Zheng, Genglao Fu,* Dongmei Sun, Yafei Li, Yawen Tang,” and Tianyi

G

Ma*

M. Li, Y. Y 4Zheng, Prof. D. Sun, Prof. Y. Li and Prof. Y. Tang

S

Jiangsu Key Lab@ratory of New Power Batteries, Jiangsu Collaborative Innovation Center of

b

Biomedical Functional Materials, School of Chemistry and Materials Science, Nanjing Normal

University, Wanjing 210023, China.

)

Email: tan njnu.edu.cn (Y. Tang)

d

Dr. G. Fu

Materials Sci nd Engineering Program & Texas Materials Institute, The University of Texas at

\

Austin, . s 78712, United States

Email: gen@taofu@gmail.com (G. Fu)

[

Dr. T. Ma O
Discipline of istry, University of Newcastle, Callaghan, NSW 2308, Australia
E-mail: ewcastle.edu.au (T. Ma)

{

Keywords: injum, cobalt, valence structure engineering, electrocatalyst, oxygen reduction
reaction

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/aenm.201903833.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/aenm.201903833
https://doi.org/10.1002/aenm.201903833
https://doi.org/10.1002/aenm.201903833
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.201903833&domain=pdf&date_stamp=2020-02-06

WILEY-VCH

Abstract: Rare earth doped materials with unique electronic ground state configuration are considered

as a kimmg alternatives to conventional Pt/C for the oxygen reduction reaction (ORR).

Herein, weQime investigate the gadolinium (Gd)-induced valence structure engineering for

the enhan en electrocatalysis. The Gd203-Co heterostructure loaded on N-doped graphene

1

(Gd203-ColNG) isconstructed as the target catalyst via a facile sol-gel assisted strategy. This

C

synthetic stiatégy dllows Gd203-Co nanoparticles to distribute uniformly on N-graphene surface and

5

form intimate Gd2Qks/Co interface sites. Upon the introduction of Gd20s3, the ORR activity of Gd20s-

.

Co/NG is sjgnificantly increased compared with Co/NG, where the half-wave potential (E12) of Gd203-

i

Co/NG is ore positive than that of Co/NG and even close to commercial Pt/C. The density

d

functio FT) calculation and spectroscopic analysis demonstrate that, owing to intrinsic

M

charge ibution at the engineered interface of Gd203/Co, the coupled Gd203-Co can break the

OOH*-OH*gscaling relation and result in a good balance of OOH* and OH* bindings on Gd203-Co

[

surface, a enhanced ORR activity. For practical application, a rechargeable Zn-air battery

€

employing o/NG as an air-cathode achieves a large power density and excellent charge-

g

discharge gycle stability. This work provides valuable insights into the design and fabrication of novel

:

platinum-group-metals-free highly active ORR electrocatalysts in alkaline media.

U

A
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1. Introduction

With the mduence of energy crisis and environmental pollution, it is urgent to design a

series o; new ener?y materials and technology which are sustainable and renewable.l'-3] Exploring

{

non-noble htalysts with desired activity and stability replace costly Pt-based ones for the

C

oxygen re reaction (ORR) has been a significant challenge,[* 3 for the large-

S

scale com ialiZation of energy-related devices, such as rechargeable metal-air batteries®-9 and
fuel cells. ransition metals and their derivatives, including alloys,['2 131 oxides,[4-16]

chalcogeni 17:20 phosphides,[2!-231 carbides[4-26] and nitridesi27-29 have attracted researcher’s

widely attefitio ause of their intrinsic electrochemical properties and low price. Although the fact

=1318

that thes atives were proven effectively, their electrocatalytic performances for the ORR need

to be fu

M

d in comparison to that of Pt-based catalysts, and are not satisfactory to meet the

]

practical re ts.

O

Strategie rove the ORR activity are often optimized by choosing specific support, reducing

particle ing particle structure, or adding foreign promoters.i3%-33 |n view of the electronic

h

{

interaction odification of transition metal-based catalysts with foreign promoters should be a

U

reliable strategy togegulate their electrocatalytic performance.33-371 Recently, rare earth oxides (REO)

have attra cial interest as the foreign promoters to modulate the electrocatalytic properties of

various transition metals.[33. 38-42] owing to their unique electronic and chemical properties of 4f sub-
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shell electrons.43.44 As demonstrated by Shao et al.,[3% the ORR activity of CosQOu/ketjenblack could

be signiwroved by doping with CeO2 REO. The rich oxygen vacancies of CeO2 and swift

transition tQ* and Ce# would be conducive to facilitate Oz adsorption.[0l Tang et al., also

reported t provided a synergistic effect to improve the ORR performance of MnOx.["] More

1

recently, nmugamthe et al. unveiled that CeO2 coupled with metallic Co made more oxygen

C

molecules reduced on Co surface.[*?l It is worth mentioning that most of reported REO-

S

incorporated electri@catalysts are focused on the CeO2-doping, and their researches are not growing

U

as fast asiexpected. Since there is no unpaired electron in the tetravalent Ce, the electron

fl

conductivit 2 is relatively poor. Unlike the 4f'5d16s2 electronic configuration of Ce atom, rare

d

earth el as a unique configuration 4f’5d'6s2 of the valence electrons in the ground state.

M

The 4f7 in Gd has a stable semi-filled electronic structure, which theoretically make Gd203

possess d electron conductivity. It is further worth emphasizing that Gd20s has chemical

f

characteris, r to other oxides of the lanthanide and actinide series used as the promoters in

Q

electrocata Given considerably less expensive than other commonly used noble metal

N

catalysts, the Gd>@8 should have great potential to be an ideal promoter materials in electrocatalysis.

¢

U

Pursuin of reasoning, we develop a simple yet effective sol-gel strategy to fabricate

Gd203-GaiN

o
>0
()
=}
D

(Gd203-Co/NG) hybrids as a high-performance electrocatalyst for the ORR in

alkaline media. By this design strategy, Gd203-Co heterostructure with small particle-size can well
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load on N-doped graphene surface and the interface sites are evident on Gd203-Co surface. The

resultingﬂalyst exhibits excellent ORR activity with a half-wave potential of 0.82 V,

comparalethe-art Pt/C catalyst. The outstanding ORR performance of Gd203-Co/NG is

highly corr th the important synergy of Gd203 and metallic Co (/e., valence electronic effect

[

and high oXygen ancies), and unique features of N-graphene structure (/.e., porosity and electron-

C

rich N-dop hg/ DFT calculations corroborate that the synergistic interaction between Gd20O3 and

S

metallic Co favor good balance of OOH* and OH* bindings on the Gd20s3-Co surface. Further

U

spectroscofic measurements suggest that the intrinsic charge redistribution at the engineered

f

interface o 0 may induces above good balance of OOH* and OH* bindings on the Gd203/Co

d

interfac as an air-cathode in Zn-air batteries, Gd203-Co/NG hybrids exhibit a larger

power with more stable cycle life.

oI

2. Results ussion

2.1 8y haracterization

th

The synthesi dure of Gd203-Co/NG hybrids was illustrated briefly in Figure 1a. The synthesis

U

began with sol-gel polymerization of poly(vinyl alcohol) (PVA) and graphene oxide (GO) and

metal precursorsn*). The sol-gel formation is ascribed to hydrogen bonding between PVA chains
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and oxygen-containing groups of GO.[4¢ GO with a lone electron pair can also bind metal ions (Mn*)

eﬁicienthoordination and electrostatic interaction,#”. 481 which allows reduced GO to

effectively &3@0 heterostructures. The freeze-drying was proved to be useful to get 3D

porous ca ause that sublimation of the formed ice by freeze-drying avoids formation of a

3

liquid/vapoRiinterfage. 4. 501 After freeze-drying and pyrolysis at 700 °C under 10% NHs/Ar atmosphere,

C

3D N-dop phéne loaded Gd203-Co nanoparticles could be obtained. The detailed process was

$

described in the SBpporting Information. For comparison, Co/NG, Gd203/NG and pure NG samples

H

were also 8ynthesized via the similar procedure. The crystal structures of the as-prepared products

[

were inve y X-ray powder diffraction (XRD, Figure 1b). For Co/NG and pure NG, a broad

d

diffracti esponding to (002) plane of graphitic carbon at about 26.5°was clearly observed,

M

indicati successful reduction of GO after pyrolysis. Except a broad (002) peak for carbon,

another diffgaction peak of Co/NG is indexed to metallic Co phase (JCPDS Card No. 15-0806). For

[

Gd203/NG, W action peaks located at 28.60, 33.1°, 47.5° and 56.4° can be well indexed to (222),

(400), (440 2) reflections of cubic Gd203 phase (JCPDS Card No. 12-0797). In the case of

h

Gd203-Co/NG, twagsets of diffraction peaks associated with Gd203 and Co could be observed, which

{

demonstrates the Boexistence of Gd203 and Co phases. Compared to that of Gd203/NG, the small

Y

positive ift of Gd203 phase in Gd203-Co/NG may be ascribed to the interaction of Gd203 with

A

Co metal.[*21 Owing to overlapping from Gd20s3, the broad diffraction peak of graphitic carbon was not
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obviously detected in both Gd203/NG and Gd203-Co/NG. The cubic structure of Gd203 belongs to

the /a—3WUp, in which Gd is six-coordinated to O (Figure S1), forming corner- and edge-

sharing di&edra. Such structure may endow Gd203 with a specific number of oxygen

vacancies, sults from the presence of anion vacancies, compensated by oxygen vacancies.

f

To probe nd oxygen vacancies of Gd203-Co/NG, the electron spin resonance (ESR) spectra

*

were carri ure 1c). Relative to Co/NG, Gd203-Co/NG and Gd203/NG exhibit the significantly

S

increased ESR inténsities at the position of g = 2.003, demonstrating the appearance of oxygen

vacancies ! Gd203-Co/NG after the introduction of Gd20s.
A

G

(a)
PVA v o
\1‘ 6d3/Co? Freeze-Dry 1":%%:&-#; ’«’
Gelation Anneal a\ Mo & 4]
Py 3 ' o
L {.4 e
» ,‘L" ~
Precursors Mr/PVA/GQO hydrogel 6d,0;-Co/NG
() C (100) (©) —— Gd203-Co/NG
A —— Gd203/NG
; Pure NG —ColNG
i
= i Co/NG 5
© - @
}} i A Gd203/NG 2
‘® i @
[ I @
I & s Gd203-Co/NG =
= (222 v =
Jeoor 449 g9 05 #12-0707
111 15
( | )(220) Co(z:?fg 0806
10 20 30 40 50 60 70 8 90 2.03 2.02 2.01 2.00 1.99 1.98
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Figure 1. (a) Schematic illustration of the preparation of Gd,O3-Co/NG; (b) XRD patterns of Gd,O5-

Co/NG, C$G, Gizog,/NG and pure NG samples; (c) ESR spectra of Gd,03-Co/NG, Gd,03/NG and

Q.
I

The Gd2Q8-CdlNG presents a 3D porous network structure composed by the crosslinked plicate

nanosheets &Fi 2a-2b), as certified by scanning and transmission electron microscopy (SEM and
TEM) imag sorption—desorption isotherms (Figure 2c) reveal the typical IV-type characteristic

and Hs-type h:steresis loop, indicating the existence of mesopores in Gd203-Co/NG. Because of

unique 3D , Gd203-Co/NG displays a high Brunauer—-Emmett-Teller (BET) specific surface

area of arm.1 m2 g-1. The 3D porous architecture together with high specific surface area

would exposeEa accessible active-sites and facilitate the electron/mass transfer capability in

electrocatalysis.l5". 52 Magnified SEM image (Figure 2d) and TEM image (Figure 2e) reflect the

uniform dih of Gd203-Co nanoparticles are well dispersed on the NG nanosheets without
obvious aQn. The statistical analysis recorded from Figure 2e indicates a narrow size-

distribu@mall average particle-size of 11.2 nm (Figure 2f). 3D porous network would be
effective i ining the grain growth and agglomeration of nanoparticles. Large-area energy-
dispersive$ectroscopy (EDX) elemental mappings (Figure 2g) proved that the uniform
distribut{;o and N elements throughout the NG support. According to thermogravimetric

analysis (TGA) (Figure S2), the NG-support content of Gd203-Co/NG was calculated to be about
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51.1%. The atomic ratio of Gd/Co in Gd203-Co/NG determined by EDX was 54.7: 45.3 (Figure S3),

which im with the stoichiometric ratio of Gd and Co. To confirm the existence of the

interface bQ}s and Co species, the aberration-corrected (AC) high-angle annular dark field

scanning DF-STEM) measurement was carried out. As shown in Figure 2h and Figure 2i,

1

the clear inferfacegsites between Gd203 and Co species were observed. The interplanar spacings of

€

about 0.312 nily caffrespond to the (222) plane of cubic Gd203; while the interplanar spacing of about

S

0.210 nm is indexed to (111) plane of cubic Co. In addition, the EDX line scanning profiles and

U

element ppings of Gd203-Co nanoparticle recorded from Figure 2i indicate that Gd20s and Co

n

phases ar in a different geometric region of nanoparticle (Figure 2j-2l). AC HAADF-STEM

d

results the Gd203-Co is a heterostructure. The intimate contact between Gd20s and Co

M

phases romise excellent synergistic effect toward catalytic reaction.

Author
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—— Desorption
BET Surface Area: 177.1m° g’

oo 02 04 06 08
Relative Presure / PP,
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0 11 12 13
Partiacal size / nm

Figure da (a) SEM and (b) TEM images of Gd,03-Co/NG; (c) N, adsorption—desorption

isotherms; id) Magnified SEM and (e) TEM images; and (f) particle-size distribution histogram
recorded from panel (e); (g) Large-area EDX element mappings; (h and i) AC HAADF-STEM images
of Gd203-tructure; (j, k and I) EDX line scanning profiles and element mappings.

The surfﬁnical properties of Gd203-Co/NG were further studied by X-ray photoelectron
spectroscopy (XPS) in detail. XPS survey scan spectrum (Figure S4) indicates the co-presence of C,
N, O, Gd a lements in the resulting Gd203-Co/NG. The high-resolution Co 2p XPS spectrum

This article is protected by copyright. All rights reserved.
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(Figure 3a) displays both main peaks at 780.0 and 795.2 eV, together with associated shake-up

satellitem the presence of Co®* species; while the peaks at 781.6 and 796.8 eV are

attributed t&ve appearance of Co3*/Co?* species may be ascribed to the surface oxidation

of Gd20s- on exposure to air. The existence of Gd203 was confirmed by Gd 4d XPS

4

spectrum. indigated by the Gd 4d spectrum (Figure 3b), the typical Gd 4ds2 and Gd 4ds/2 orbits of

*

Gd3* state @t #42.#8eV and 146.9 eV were observed clearly.[51The Gd 4d photoemission arises from

S

multiplet splitting ofythe 4d hole with 4f7 valence electrons to form 9D and 7D final ionic state. The O

L

1s spectruf@ presented in Figure 3c can be deconvoluted into three peaks, corresponding to oxygen

fl

atoms bou metals (529.6 eV), hydroxyl groups or surface adsorbed oxygen (531.1 eV) and

d

oxygen 531.8 eV).B3% Figure 3d shows the C 1s spectrum of Gd203-Co/NG. The peak

¥

corresp to C-N bond was observed at ~286 eV, manifesting the successful N-doping in NG.

The chemigal states of N1s were studied in detail via the high-resolution N 1s spectrum (Figure 3e).

[

The spectr @ d be fitted with three different N species, which correspond to pyridinic-N (398.1

eV), pyrroli 0.0 eV) and graphitic-N (401.6 eV),[55. 561 respectively. Considering the size

N

difference BetweemN and C atoms, the introduction of N may cause the structure change of carbon

{

materials, such asfiimore structural defects.[51 Raman spectroscopy was performed to elucidate the

Ui

eristics of NG-based aerogels, including Gd203-Co/NG, Gd203/NG, Co/NG and NG

samples. The detailed characterizations of Gd203/NG (Figure S5), Co/NG (Figure S6) and NG (Figure

This article is protected by copyright. All rights reserved.
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S7) are presented in Supporting Information. The intensity ratio (b//) of D-band and G-band offers

informatmize of sp2 domains, which suggests the degree of disorder. As viewed in Figure 3f,

the lo/le er,-Co/NG is estimated to be about 1.08, which is better than that of Gd203/NG

H I
(In/le= o.gw (In/le= 0.91), NG (Io/le= 0.91) and N-free rGO (Io/le= 0.80). The high Io/ls ratio of

GdzOs—Co/@Je attributed to the distortion of carbon structure and the defects induced by N-
doping anWrﬁon of Gd203 and Co nanoparticles.58. 59 The high structural defects generally
can endow carbos with more active-sites towards ORR and enhance the chemical adsorption of

oxygen on the catalyst surface.[60. 61]

(a) b (0)
( ) Gd 4d 4d 5/2 0O1s
o 5 5
i © 4d 312 @
= = =
2] = =
=) 0 w
[ - : aed
= L g
= (= E
Ovacancies -0 bands
810 805 800 795 790 785 780 775 165 160 155 150 145 140 135 536 534 532 530 528 526
Binding Energy / eV Binding Energy / eV Binding energy / eV
(d) e
C1s (e) ®
Gd203-Co/NG /| ™ \ Ip/le=1.08
5 5 3
I g 8 |Gd03NG ID/lc=0.98
> > >
@ B = I0/l6=0.91
5 3 5
= = 2 [|ne I0/l6=0.91
! = O, GO 16/16=0.80
C-0 cN cc Graphitic N Pyridinic N
204 201 288 285 282 408 406 404 402 400 398 396 394 500 1000 1500 2000 2500
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olution XPS spectra of (a) Co 2p, (b) Gd 4d, (c) O 1s; (d) C 1s and (e) N 1s region,

Figure 3.

respectively; an spectra of Gd,03-Co/NG, Gd,03/NG, Co/NG, pure NG and rGO.
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22 E/ectrod/farmance

The eleBtrd@atali@ performance of Gd203-Co/NG towards ORR was evaluated on the rotating disk
electrode (@Oz-saturated 0.1 M KOH solution, in comparison with that of Co/NG, Gd203/NG
and commesgi C catalysts. The linear sweep voltammetry (LSV) curves for different catalysts are
shown in Fi The Gd203-Co/NG exhibits a high electrocatalytic activity for the ORR, as judged
by positive onset potential (Eonset= 0.93 V) and half-wave potentials (E12= 0.82 V). The half-wave
potential o;Co/NG is very close to that of Pt/C catalyst, highlighting the excellent ORR
activity of m/NG. The Eonset and E12 values of Gd203-Co/NG significantly outperform those of
Co/NG (EonseFEZ V, E12= 0.69V) and Gd203/NG (Eonset= 0.78 V, E12= 0.58 V), indicating the
important synergistic effects between Gd203 and Co. After the introduction of Gd203-Co to pure NG,
the ORR a%GdzOs—Co/NG was greatly improved (Figure S8), suggesting that the coupling of
Gd203-Co \Os also critical to excellent ORR activity. The Gd203-Co/NG is also among the most

active @tal based electrocatalysts for the ORR (Table S1). To get insight into ORR

reaction kingti e Tafel slopes were calculated from the polarization curves. As shown in Figure
4b, Gd203-Co/NG_has a lower Tafel slope (59 mV dec') than that of Co/NG (62 mV dec') and
GdzOs/l\<@dec4), which even is comparable to that of Pt/C (60 mV dec-), suggesting the
favorable reaction kinetics and fast electron transport on Gd203-Co/NG electrode. To quantitatively
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understand the ORR process of Gd203-Co/NG, the current-potential curves were performed at

diﬁerentmgure 4c). The electron transfer number (n) was calculated to be about 4.0 at 0.4-

06V bas@utecky-Levich plots (inset in Figure 4c), indicating the 4-electron dominated

transfer p uring the ORR process. The ring current profiles associated with reduction of

3

peroxide species (>02) formed during ORR were presented in the upper panel of Figure S9, from

C

which the B2 ield from Gd203-Co/NG was determined to be < 15% and the electron transfer

S

number was estimated to be > 3.70 (Figure 4d). These values are better than those of Co/NG and

G

Gd203/NG §amples, and even close to those of Pt/C catalyst. These results demonstrate the highly

fl

selective pathway catalyzed by Gd203-Co/NG. The stability of Gd203-Co/NG was

d

determi noamperometry in Oz-saturated 0.1 M KOH solution. The Gd203-Co/NG offers

M

better chemical stability than that of Pt/C and other two catalysts, with < 5% decay in ORR

activity oveg 40000 s of continuous operation at half-wave potential (Figure 4e). Taken together,

f

Gd20s-Cof monstrated to be a highly-active and stable electrocatalyst for the ORR. The

Q

outstandin rformance can be mainly ascribed to the synergistic effects of Gd203, Co and 3D

1

porous NGy struct@ire. The high-density interfaces in Gd203-Co heterostructures and 3D porous

t

network in N-dopefl graphene provide a rich variety of active-sites and a large electrochemical active

Ul

area (EC well as short ion-diffusion pathway during the ORR.[621 The ECSA of catalysts can

A

reflected by the electrochemical double layer capacitance (Cu), as it is linearly proportional to the
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ECSA. It is found that the Ca value of Gd203-Co/NG (21.5 mF cm-2) is much higher that of Co/NG

(12.9 mw Gd203/NG (5.1 mF cm-2) counterparts (Figure S10 and Figure 4f), demonstrating

the signific ed ECSA after the incorporation of Gd203 and Co species. Furthermore, 3D
I

porous nethture can also prevent the nanoparticles from agglomerating and dissolving during

the reactionj thus #@sulting in good electrochemical stability. After the chronoamperometry test, the 3D

C

porous strlictdre Gd203-Co/NG were well preserved and Gd203-Co nanoparticles were well

dispersed on the NG surface (Figure S11). XRD pattern in Figure S12 shows that two sets of

US

diffraction peaks associated with Gd203 and Co were still preserved; While the signals of Gd 3d and

f

Co 2p XPm for recovered Gd203-Co/NG sample did not change significantly compared with

initial GS sample (Figure S13).
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Figure 4. (a) LSV curves of four catalysts in O,-saturated 0.1 M KOH (rotation rate: 1600 rpm; sweep

rate: 5 mVF_1); (9 Tafel plots derived from panel (a); (c) LSV curves of Gd,05;-Co/NG at various

rotation rat@ shows the Koutecky—Levich plots at different potentials; (d) H,O, production

yields and nsfer number (n); (e) Chronoamperometric responses at half-wave potential in
I

Oz-saturat! 0.1 M KOH (percentage of current retained vs operation time); (f) The linear fitting of

scan rate c itive current density.

LISG

2.3 Mechanism Investigation

1

To identify ble ORR activity origin, we performed spin-polarized density functional theory plus

Hubbard-UYD ) computations to explore the ORR process over the as-prepared Gd203-Co/NG

a

with focus roles of Gd and Co (see Experimental Section for computational details). As the

M

ORR a given catalyst is typically governed by its adsorption free energies of reaction

1

intermedia including OOH* (4Goow:), O* (4Go+) and OH* (4Gow+), we first studied the

interactionsab Gd20s3 slab and these intermediates. The geometry structures of intermediates

O

on the Gda0s slab are plotted in Figure 5a. Our calculations shown that AGoon*, 4Go* and AGon+ of

[

{

Gd203 a .56, 2.39 and 0.31 eV; the energy difference between of AGoon and AGow*

U

(4Goon—4 .25 eV, in accordance with the well-established linear scaling relation of AGoon- —

AGow [63.841 |t remains somewhat difficult to effectively modulate ORR activity owing to the

A

existence of robust scaling relation, i.e., the balance between OOH* formation and OH* removal.[¢3]
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Accordingly, the relatively low activity of Gd203 can be seen from its AGon+, which is much smaller

than thaﬁ) plane (0.79 eV)sland the optimal value (0.86 eV).184 The unfavorable AGow- of

Gd203 (qui&H* adsorption) also revealed that its potential-limiting step is OH* removal, as

shown in energy diagram of reaction process (Figure 5c). The geometry structures of

intermedia on £d>03-Co slab are plotted in Figure 5b. It was found that all the intermediates

Ck

adsorptiongibg@ome weaker after involving Co into Gd20s3 slab. For example, the 4Gon+ of Gd203-Co

S

has been considefably increased from 0.31 to 1.51 eV, indicating that OH* removal can be easily

U

achieved off Gd203-Co and is no longer the potential-limiting step. The 4Goon* and AGo+ of Gd203-Co

£

were foun 5 and 3.18 eV, respectively. Intriguingly, the synergy of Gd203 and Co broke the

4

OOH*- relation (AGoon—AGon+ = 2.74 eV for Gd203-Co), demonstrating that the

M

enhanc on OH* may not much sacrifice the favorable OOH* binding. As expected, the

theoretical gactivity of Gd203-Co was increased by ~0.36 V compared to sole Gd20s, in good

[

agreement experimental finding, although the ORR over Gd203-Co is now limited by OOH*

O

formation use of its slightly weak OOH* adsorption (Figure 5d). The breaking of scaling

1

relation may be affibuted to the different configurations of OH* and OOH* on Gd203-Co, where the

t

former is the end-@n adsorption on Co site and the latter is the side-on type with a co-binding over

Gl

both Gd sites. The oxidized Co site intrinsically prefers a weak intermediate binding, while the

A
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support of Gd site can enhance intermediate binding, consequently reaching a good balance of OOH*

and OHMn the Gd203-Co surface.

(a)y | (c)
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Figure 5. Vie intermediates OOH*, O*, and OH* on (a) Gd,O3 and (b) Gd,O3-Co. Azure, red,
violet a s denote Gd, O, Co and H atoms, respectively. The O atoms of intermediates is

highlighted!y blue balls. Free energy diagrams of ORR path over (¢) Gd,O3 and (d) Gd,O5-Co at the

limiting ste

theoreticalﬂm potential (U = 1.23 V vs RHE). The dash lines and arrows represent potential-

The goo

U

of OOH* and OH* bindings on the Gd203-Co surface may be caused by the

intrinsic charge gigdistribution at the engineered interface of Gd203/Co, because the oxygen

A

adsorption a itial step is closely related to the electron transfer.®¢] This speculation can be
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supported by the previous reported CeOx/M (M=Pt and Co etc.) studies.[*2 67.68] For example, DFT

{

calculati et al., demonstrated that CeO2 can perturbe the electronic structure of Co species

P

and furthe e binding energy of intermediate oxygenated adsorbates.l69 In view of the
|
different ctions of Gd20s and Co, the flow of electrons would occur through the

metal/semi@onduct®r interface;’% while Gd203 as one of important REO may regulate the electronic

C

structure ofAC@ybe€ause the 4f orbital of Gd is available for electron sharing and bonding.l’l Unlike

>

CeOx/M catalysts, lhowever, the 4f7 shell in Gd has a stable semi-filled electronic structure, which

t

theoreticallff make Gd203 possess better electron conductivity than CeO:. To elucidate the change of

[

electronic of Gd203 and Co species, the XPS spectra were further performed (Figure 6).

d

Compa NG sample, the binding energy of Co 2p in Gd203-Co/NG has a positive shift of

M

about 0 igure 6a), indicating that the Gd203 has an electronic interaction with Co species. This

result was gurther verified by the shift in the Gd 4d spectrum of the Gd203-Co/NG towards a lower

[

binding en ive to that in Gd203/NG (Figure 6b). Such charge redistribution at the engineered

Q

interface of o can lead to the fast charge-transfer capacity of Gd203-Co/NG electrode, which

N

was verified by elag@trochemical impedance spectroscopy (EIS). As depicted in Figure 6¢, the Nyquist

{

plots for Gd203-CallNG display a smaller charge-transfer resistance (61 Q) than that of Co/NG (84 Q)

U

and Gd: 73 Q) counterparts. On the other hand, the charge redistribution occurred between

A

Gd203 and Co at the interface can induce abundant oxygen vacancies, as confirmed by above ESR
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spectra (Figure 1c), which also increases the oxygen absorbance on the Gd203-Co surface,l’2

consequWating the activation and partial dissociation of O2. After the ORR test, the ESR

intensity onample also remains at a high concentration (Figure 6d), indicating the high

stability of macancies in Gd203-Co/NG.
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24 Practicﬂtteries

Apart fréim iISWSEAEing ORR activity, the Gd203-Co/NG can deliver a low overpotential of about 376
mV at 10 wtowards oxygen evolution reaction(OER), which is very close to art-of-the-state
RuO: cata%mV), and better than that of Co/NG, Gd203/NG and NG catalysts (Figure S14).
Because oﬁyctional property of Gd203-Co/NG, a home-made Zn-air battery (Figure S15) was
further built to evaluate the actual feasibility of Gd203-Co/NG. The carbon paper supported Gd20s-
Co/NG woghe air-cathode, a 0.3 mm Zn plate as the anode and 0.2 M ZnCl2 + 6.0 M KOH
solution asmrolyte (Figure 7a). As the reference, the Zn-air battery with Pt/C+RuO:2 as the air-
cathode was aEested. The discharge polarization curves and the power density curves were
presented in Figure 7b. As observed, the Gd203-Co/NG-based battery exhibits a larger peak power
density (1 1H cm~2) than that of Pt/C+RuOz-based battery (103.1 mW cm-2), which is also
comparaleger than that of the most active Co-based bifunctional electrocatalysts reported to

date (T&a Gd203-Co/NG can enable the Zn—air battery with a specific capacity of 734.6 mA

h gz at -2 (Figure 7c¢), corresponding to a high energy density of 892.7 Wh kgz.~'. These

values outperform_the battery with Pt/C+RuO: air-cathode (specific capacity of 692.6 mA h gz»~' and
energy de 834.6 Wh kgzn~1). Considering large power density and energy density, a red light-
emitting diode (LED) screen can be powered by three cells in series with Gd203-Co/NG as air-cathode
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(Figure 7d), suggesting its promising application in Zn-air batteries. Moreover, the Gd203-Co/NG-

based bws the better cycle stability than that of Pt/C+RuO2-based battery, as indicated in

Figure 7e.Qe voltage of Gd203-Co/NG-based battery was well maintained after the

I
continuoulees while the RuO2+Pt/C-based battery showed a poor cycle life. These results

indicate th@Oz-Co/NG air-cathode has attractive potential in the Zn-air batteries.

'da
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Figure 7. @matic illustration of Zn-air battery configuration; (b) The discharge polarization

curves andfthe corresponding power density curves of Gd,03-Co/NG and Pt/C+RuO, based batteries;

(c) Discharge curvgs at a constant current density of 5 mA cm™ (d) LEDs powered by three Zn—air

batteries izr:with Gd,03-Co/NG as the air-cathode; (e) The galvanostatic charge—discharge

curves of teries.

<
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3. Conclusion

=

In summary epared a novel N-graphene supported Gd203-Co heterostructures (Gd203-Co/NG)
by a facﬁe sol-ﬁel assisted strategy, and demonstrate that the incorporation of Gd203 into metallic Co

can dramahhance its electrocatalytic performance for the oxygen reduction reaction (ORR).

C

The introdu f high-valent Gd20s into Co is found to make the charge redistribution at the

S

engineered e of Gd203/Co, creating more oxygen vacancies and optimizing surface electronic

U

structure o . Thus, the resulting efficient charge-transfer ability and more active sites exposed

1

on Gd203/Cei ce endow Gd203-Co/NG with outstanding electrocatalytic activity and stability for

the ORR. Wo , the results of DFT calculation agree well with the experimental observation

d

where a alance of OOH* and OH* bindings on the Gd203-Co surface is demonstrated. As an

M

air-cath batteries, the Gd203-Co/NG exhibits a large power density (114.3 mW cm2),

1

a high ene ty (892.7 Wh kgzn~1) and an excellent cyclability (over 160 cycles at 10 mA cm~2).

We believe @ ent work would make a significant impact in the development of rare earth doped

materials f@f energy storage and conversion.

uth

Supporting | on

A

Supporting Information is available from the Wiley Online Library or from the author.
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