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Abstract 

To accelerate the deployment of anion exchange membrane (AEM) technologies, and 

break free from our reliance on expensive and rare platinum group metals (PGM), this 

study explores a novel family of non-PGM electrocatalysts capable of both hydrogen 

evolution and oxidation. By thermal reduction, nanoparticles of nickel-molybdenum, 9:1 

atomic ratio, were grown on fibrous carbon supports obtained by electrospinning and 

doped with carbon nanotubes (CNT). Complimentary characterization techniques 

confirm the integration of the CNT with the carbon fibers and a high loading of active 

alloy material on the support. In particular, XANES indicates a strong interaction 

between NiMo and the CNT. When supported on undoped carbon fibers, NiMo shows 

superior activity towards the hydrogen oxidation reaction (HOR) compared to the doped 

carbon supports. However, heat treating the catalysts in 10% NH3/ 90% N2 upsets this 

trend, while also improving the HOR performance of all the catalysts based on several 

performance indicators. In the case of NiMo on carbon fibers containing 7 wt% CNT, 

denoted as NiMo/CF(7%), the ammonia heat treatment produced a five-fold increase in 

the kinetic current. The catalysts NiMo/CF(7%)-NH3 and NiMo/CF(24%)-NH3, also 

capable of hydrogen evolution, match other state-of-the-art PGM-free HOR catalysts for 

their remarkable specific activity. 
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Introduction 

Scientific advances in energy systems are driving the large-scale deployment of proton 

exchange membrane (PEM) fuel cells and electrolyzers, enabling realization of the 

vision of a carbon-free future.[1,2] Still, these devices suffer from reliance on scarce 

platinum group metals (PGM) to achieve industrially relevant reaction rates.[3] A 

promising alternative to PEMs are anion exchange membranes (AEMs), which operate 

in alkaline media and transport hydroxyl moieties.[4] While not efficient as PEMs, AEMs 

continue to gain interest due to their lower cost as compared to PEM technologies, 

requiring PGM catalysts.[5] Interestingly, in alkaline electrolyzers the activity of Pt for 

the hydrogen evolution reaction (HER) drops to a level comparable to PGM-free 

alternatives, making the search for these non-noble competitors particularly 

appealing.[2,4] Ultimately, the transition from acidic to alkaline environments opens the 

field of electrocatalysis to new challenges, the greatest of all being the discovery of a 

PGM-free catalyst capable of both hydrogen evolution and oxidation.[6] 

Nickel has been shown to stand out amongst other transition metals for its inherent 

ability to catalyze the HER and the hydrogen oxidation reaction (HOR).[1,2,5,7–9] Its 

abundance and appreciable resistance to corrosion justify the increased attention that 

nickel and its alloys have received, especially for the HOR, the slower of the two 

reactions.[7] Still, to the best of our knowledge, a nickel-based catalyst able to 

outperform, or even match, state-of-the-art PGM materials has yet to be identified.[10] 

All the more worrisome is that the HOR remains orders of magnitude slower in alkaline 

than in acid, even with the most active Pt catalysts, presenting a substantial hurdle to 

AEM deployment.[11] 

Here we report on a family of novel PGM-free HER/HOR catalysts obtained by growing 

nickel-molybdenum (NiMo) nanoparticles on electrospun carbon-based supports. Small 

amounts of multi-walled carbon nanotubes (CNT), namely 7, 13 and 24 wt%, were 



s u s p e n d e d i n t h e el e ctr o s pi n ni n g s ol uti o n s t o gi v e C N T- d o p e d c ar b o n fi b er s. 

F urt h er m or e, w e i n v e sti g at e d t h e eff e ct of a h e at tr e at m e nt i n 1 0 % N H 3 o n t h e H E R a n d 

H O R p erf or m a n c e. C at al yti c a cti viti e s w er e m e a s ur e d i n 0. 1 M N a O H ( s e mi c o n d u ct or 

gr a d e) at 2 0 ° C b y a r ot ati n g di s k el e ctr o d e. All c at al y st s s a w i n cr e a s e d H O R a cti vit y 

aft er t h e h e at tr e at m e nt i n N H 3 , wit h a fi v e-f ol d i n cr e a s e o b s er v e d f or a m m o ni a tr e at e d 

Ni M o o n fi b er s c o nt ai ni n g 7 wt % C N T. C N T- d o pi n g of t h e c ar b o n fi b er s u p p ort s al s o 

sli g htl y i m pr o v e d t h e H O R p erf or m a n c e. C at al y st s wit h t h e hi g h e st H O R a cti viti e s al s o 

s h o w e d s u p eri or H E R c a p a biliti e s. T h e s e c at al y st s o ut p erf or m e d m o st r e p ort e d P G M-

fr e e H O R m at eri al s b a s e d o n e x p eri m e nt all y d et er mi n e d c urr e nt d e n siti e s. 

M et h o d ol o g y 

M at eri al s 

P ol y a cr yl o nitril e ( P A N, a v er a g e M w 1 5 0, 0 0 0), ni c k el(II) nitr at e h e x a h y dr at e, a m m o ni u m 

h e pt a m ol y b d at e t etr a h y dr at e, c ar b o n n a n ot u b e m ulti- w all e d ( C N T, > 9 0 % c ar b o n b a si s, 

D x L 1 1 0- 1 7 0 n m x 5- 9 µ m), pl ati n u m o n gr a p hiti z e d c ar b o n ( Pt/ C, 1 0 wt. % l o a di n g) 

a n d s o di u m h y dr o xi d e ( N a O H, p ell et s, s e mi c o n d u ct or gr a d e, 9 9. 9 9 % tr a c e m et al b a si s) 

w er e p ur c h a s e d fr o m Si g m a Al dri c h. N, N- di m et h ylf or m a mi d e ( D M F) w a s p ur c h a s e d 

fr o m Fi s h er C h e mi c al a n d K etj e n bl a c k E C- 6 0 0 J D ( K B, 1 4 0 0 m2 / g) w a s p ur c h a s e d fr o m 

N o ur y o n (f or m el y A k z o N o b el). I s o pr o p yl al c o h ol (I P A, A C S gr a d e) a n d S u st ai ni o n ® X C-

1 i o n o m er s ol uti o n ( 5 % i n et h a n ol) w er e o bt ai n e d fr o m M a cr o n Fi n e C h e mi c al s a n d 

Di o xi d e M at eri al s, r e s p e cti v el y. All c h e mi c al s w er e u s e d a s r e c ei v e d wit h o ut f urt h er 

p urifi c ati o n. D ei o ni z e d w at er ( DI) i n o ur l a b h a s a r e si sti vit y of 1 8. 2 M Ω  c m at 2 5 º C a n d 

a t ot al or g a ni c c o nt e nt t h at d o e s n ot e x c e e d 5 p p b. 

 

S y nt h e si s of t h e c ar b o n fi b er s u p p o rt  

I n a t y pi c al s y nt h e si s, 1. 3 g of P A N w er e a d d e d t o 1 8. 7 g of D M F ( 6. 5 wt % P A N) a n d 

stirr e d vi g or o u sl y f or at l e a st 1 8 h o ur s i n a s e al e d gl a s s vi al at 7 0º C. T h e cl e ar s ol uti o n 

w a s el e ctr o s p u n u si n g a s et u p c o n si sti n g of a c o m p ut er c o ntr oll e d gr o u n d e d r oll er 

c o v er e d i n al u mi n u m f oil ( All M oti o n), a s yri n g e p u m p ( H ar v ar d A p p ar at u s), a s yri n g e 

( B D), a n d a c o m p ut er c o ntr oll e d hi g h p o w er v olt a g e s u p pl y ( W a v e F or m s) ( Fi g. 1 g a n d 

Fi g. S 1). T h e t e m p er at ur e d uri n g el e ctr o s pi n ni n g w a s k e pt at 2 5º C a n d t h e r el ati v e 



humidity at 40%.  A 10 ml syringe with an inner diameter of 14.55 mm and a tip of 20 

gauge (Jensen Global) was loaded with the PAN solution. The loaded syringe was 

positioned at a horizontal distance of 15 cm from the roller to the syringe tip.  The 

vertical distance from the floor of the case to the syringe tip was 17 cm.  An electric field 

was applied by connecting the high-voltage power supply to the syringe tip, with a 

voltage of around 15 kV. The polymer solution was pumped through the syringe at a 

constant flow rate of 0.010 ml/min using a syringe pump. Simultaneously, the roller was 

rotated at a speed of 400 rpm to collect the fibers evenly. The fibers were removed from 

the aluminum foil and stabilized in air at 300ºC for one hour, followed by natural cooling. 

The heating to 300ºC was achieved in two steps: from 20ºC to 230ºC with a ramp rate 

(rr) of 70ºC hr-1 and from 230ºC to 300ºC with a ramp rate of 23.3ºC hr-1. The stabilized 

fibers were treated at 600ºC (rr 4.8ºC min-1) for one hour in ultra high purity nitrogen 

(Airgas) before they were naturally cooled. The fibers, now dark gray and brittle, were 

ground by pestle and mortar and heat treated in 5% hydrogen, balance argon (Airgas) 

at 975ºC for 45 min, followed by natural cooling. The heating to 975ºC was achieved in 

three steps: from 20ºC to 525ºC (rr 105ºC min-1), from 525ºC to 900ºC (rr 31.3ºC min-1) 

and from 900ºC to 975ºC (rr 9.4ºC min-1). The obtained carbon fiber support was 

labeled CF(0%). 

 

Synthesis of the CNT-doped carbon fiber supports 

The synthesis is identical to the previous procedure except that various amounts of CNT 

were added to the PAN-DMF solution once the polymer had completely dissolved. 

Three types of CNT-doped carbon fibers were prepared with nominal CNT loadings of 7, 

13 and 24 wt%. These carbon supports are denoted CF(7%), CF(13%) and CF(24%). 

The amount of PAN in each solution was kept at 6.5 wt% by decreasing the mass of 

DMF in accordance with the mass of CNT being added. For example, for fibers 

containing 24 wt% CNT, the electrospinning solution consisted of 1.3 g of PAN, 18.3 g 

of DMF and 0.4 g of CNT. 

 

Synthesis of NiMo/KB 



In a typical synthesis, 2.096 g of nickel(II) nitrate hexahydrate and 0.141 g of 

ammonium heptamolybdate tetrahydrate (Ni:Mo atomic ratio 9:1) were dissolved in 40 

ml of DI under gentle stirring followed by the addition of 0.5 g of KB. The solution was 

bath sonicated on high power for 20 min, stirred vigorously for 20 min and then dried in 

air at 70ºC for at least 24 hours. The mixture was ground by pestle and mortar and 

thermally reduced in 5% hydrogen, balance argon (Airgas) at 550ºC (rr 5ºC min-1) for 

one hour before it was naturally cooled. Finely divided Ni is pyrophoric, hence special 

attention was paid during the removal of the catalyst from the tube furnace and first 

exposure to ambient atmosphere. Pyrophoricity was never observed during our 

syntheses. The obtained catalyst was labeled NiMo/KB. 

 

Synthesis of NiMo/CF(X%), NiMo/CNT and Ni/KB 

For NiMo/CF(X%) the synthesis is identical to the previous procedure except that 

carbon fiber supports CF(0%), CF(7%), CF(13%) and CF(24%) were used instead of 

KB. Four catalysts labeled NiMo/CF(X%) were obtained, where X = {0, 7, 13, 24} 

denotes the nominal wt% of CNT in the carbon fiber support. NiMo/CNT was 

synthesized identically to NiMo/KB but with CNT as the sole carbon support. Ni/KB was 

synthesized identically to NiMo/KB but in the absence of molybdenum. 

 

NH3 heat treatment 

The catalysts NiMo/KB-NH3, NiMo/CF(X%)-NH3 and NiMo/CNT-NH3 were obtained by 

heat treating the precursor catalysts (ie. without “-NH3”) in 10% ammonia, balance 

nitrogen (Airgas), with a flow rate of 150 mL min-1. The catalysts were kept at 350ºC for 

three hours (rr 10ºC min-1) and then naturally cooled. 

 

Physical Characterization 

The morphology and nano structure of CF(7%) was analyzed by transmission electron 

microscopy (TEM) using a JEOL 2100F at an accelerating voltage of 200 kV. TEM was 

performed on the catalysts using a JEOL 2800 with an accelerating voltage of 200 kV. 

Furthermore, the atomic distribution of NiMo/KB was analyzed by aberration-corrected 

scanning transmission electron microscopy (AC-STEM) and energy dispersive X-ray 



s p e ctr o s c o p y ( E D S) u si n g a J E O L A R M 3 0 0 C F at a n a c c el er ati n g v olt a g e of 3 0 0 k V. X-

r a y diffr a cti o n ( X R D) d at a w er e c oll e ct e d u si n g a Ri g a k u Ulti m a III P o w d er X-r a y 

diffr a ct o m et er wit h a 1. 2 k W C u K α  s o ur c e (λ  = 0. 1 5 4 0 5 n m). X-r a y A b s or pti o n N e ar 

E d g e Str u ct ur e ( X A N E S) d at a w er e c oll e ct e d u si n g a n e a s y X A F S 3 0 0 + wit h a 1. 2 k W 

li q ui d- c o ol e d X-r a y T u b e a s s o ur c e a n d a Si 5 5 1 cr y st al a n al y z er. A Ni f oil st a n d ar d ( 6 

mi cr o n s t hi c k) w a s u s e d t o c orr e ct t h e e n er g y s hift of all t h e str u ct ur e s. 

El e ctr o c h e mi c al C h ar a ct eri z ati o n 

El e ctr o c h e mi c al e x p eri m e nt s w er e p erf or m e d i n a gl a s s c ell m a d e b y A d a m s & 

C hitt e n d e n i n 0. 1 M s e mi c o n d u ct or gr a d e N a O H el e ctr ol yt e. T h e w or ki n g el e ctr o d e ( W E) 

w a s a Pi n e R e s e ar c h P T F E s e p ar at e d a n d li n e d gl a s s y c ar b o n di s c ( 0. 2 4 7 c m 2 ). T h e 

c o u nt er el e ctr o d e ( C E), a c ar b o n r o d, w a s s e p ar at e d fr o m t h e W E c o m p art m e nt b y a 

gl a s s frit. A h y dr o g e n el e ctr o d e ( H y dr o Fl e x) fr o m G a s k at el w a s u s e d a s r ef er e n c e. 

T e st s w er e p erf or m e d u si n g a Pi n e R e s e ar c h r ot at or a n d a Bi o- L o gi c V S P- 3 0 0 

p ot e nti o st at. All el e ctr o d e p ot e nti al s ar e r e p ort e d v er s u s t h e r e v er si bl e h y dr o g e n 

el e ctr o d e ( R H E). 

T h e el e ctr o c at al yti c a cti vit y of t h e c at al y st s w a s m e a s ur e d u si n g a t hi n fil m a p pr o a c h. 

F or H O R e x p eri m e nt s c at al y st i n k s w a s pr e p ar e d b y di s p er si n g 4. 8 8 m g of c at al y st i n 

3 8 9 µ L of DI, 1 0 0 µ L of I P A a n d 4. 5 µ L of S u st ai ni o n s ol uti o n. T h e s u s p e n si o n w a s 

s o ni c at e d at a n a m plit u d e of 3 0 % t w o ti m e s f or 1 5 s u si n g a h or n a n d t h e n b at h 

s o ni c at e d f or at l e a st 1 0 mi n. 1 2. 5 µ L of c at al y st i n k w er e dr o p- c a st o n a p oli s h e d gl a s s y 

c ar b o n W E a n d dri e d i n air at 7 0º C f or 1 5 mi n, f oll o w e d b y n at ur all y c o oli n g. T h e W E 

w a s c o n diti o n e d b y c y cli c v olt a m m etr y i n t h e p ot e nti al r a n g e fr o m − 0. 2 0 V t o 0. 4 0 V, f or 

a t ot al of 2 0 c y cl e s, at a s c a n r at e ( ν ) of 2 0 m V s- 1 i n N2  s at ur at e d el e ctr ol yt e ( Fi g. S 2). 

T hr e e c y cli c v olt a m m o gr a m s ( C V) w er e r e c or d e d b et w e e n − 0. 0 6 V a n d 0. 4 0 V wit h ν  = 

2 0 m V s - 1. A n ot h er t hr e e C V s w er e r e c or d e d b et w e e n − 0. 0 6 V a n d 0. 4 0 V wit h ν  = 5 m V 

s - 1 a n d a r ot ati n g s p e e d of 1 6 0 0 r p m; t h e s e t hr e e C V s w er e r e p e at e d i n H2  s at ur at e d 

el e ctr ol yt e. Li n e ar s w e e p v olt a m m o gr a m s ( L S V) i n H 2  s at ur at e d el e ctr ol yt e w er e 

o bt ai n e d b y s c a n ni n g a n o di c all y fr o m − 0. 0 6 V t o 0. 1 1 V wit h ν  = 5 m V s- 1; t h e s e w er e 

m e a s ur e d at r ot ati o n s p e e d s of 4 0 0, 6 5 0, 9 0 0, 1 6 0 0 a n d 2 5 0 0 r p m. F or H E R 

e x p eri m e nt s c at al y st i n k s w a s pr e p ar e d b y di s p er si n g 2. 4 4 m g of c at al y st i n 9 7 9 µ L of 



DI, 2 5 2 µ L of I P A a n d 2 µ L of S u st ai ni o n s ol uti o n. T h e t hi n fil m W E w a s pr e p ar e d i n t h e 

s a m e w a y a s f or t h e H O R. T h e W E w a s c o n diti o n e d b y c y cli c v olt a m m etr y i n t h e 

p ot e nti al r a n g e fr o m − 0. 2 0 V t o 0. 4 0 V, f or a t ot al of 1 0 c y cl e s, wit h ν  = 2 0 m V s- 1 i n N2  

s at ur at e d el e ctr ol yt e. L S V s w er e o bt ai n e d b y s c a n ni n g c at h o di c all y fr o m 0. 0 5 V t o - 0. 6 

V wit h ν  = 1 0 m V s- 1 a n d a r ot ati o n s p e e d of 2 5 0 0 r p m. All p ot e nti al s w er e c orr e ct e d f or 

u n c o m p e n s at e d r e si st a n c e u si n g el e ctr o c h e mi c al i m p e d a n c e s p e ctr o s c o p y ( EI S). 

F or a m or e a c c ur at e e sti m ati o n t h e el e ctr o c h e mi c all y a cti v e s urf a c e ar e a ( E C S A), c y cli c 

v olt a m m etr y h a d t o b e p erf or m e d o n t h e b ar e c ar b o n s u p p ort s. 3 m g of c ar b o n s u p p ort 

w er e s u s p e n d e d i n 9 7 1 µ L of I P A a n d b at h s o ni c at e d f or 5 mi n. 1 0 µ L of mi xt ur e w er e 

dr o p- c a st o n a p oli s h e d gl a s s y c ar b o n W E, dri e d i n air, a n d f oll o w e d b y a n ot h er 1 0 µ L 

dr o p- c a st a n d air dr yi n g. T h e W E w a s c y cl e d t hr e e ti m e s i n t h e p ot e nti al r a n g e fr o m 

− 0. 2 0 V t o 0. 4 0 V wit h ν  = 2 0 m V s- 1 i n N2  s at ur at e d el e ctr ol yt e. A n ot h er t hr e e C V s w er e 

r e c or d e d b et w e e n − 0. 0 6 V a n d 0. 4 0 V. T h e E C S A w a s c al c ul at e d fr o m t h e C V s 

m e a s ur e d i n N 2  s at ur at e d el e ctr ol yt e i n t h e wi n d o w − 0. 0 6 V a n d 0. 4 0 V wit h ν  = 2 0 m V 

s - 1 a n d n o r ot ati o n. F oll o wi n g t h e s u btr a cti o n of t h e c ar b o n s u p p ort c ur v e fr o m t h e 

c at al y st c ur v e, t h e e ntir e a n o di c c h ar g e w a s di vi d e d b y 0. 5 1 4 m C c m - 2 t o gi v e a n 

e sti m at e of t h e E C S A f or e a c h c at al y st ( Fi g. S 3). 

E x c h a n g e c urr e nt s w er e c al c ul at e d fr o m t h e L S V s m e a s ur e d at 1 6 0 0 r p m. T h e mi cr o-

p ol ari z ati o n r e gi o n (fr o m - 0. 0 1 V t o 0. 0 1 V) w a s li n e ari z e d ( Fi g. S 4 a) a n d t h e sl o p e, m, 

u s e d t o c al c ul at e t h e e x c h a n g e c urr e nt, i x c , a s p er t h e e q u ati o n b el o w.  

i  =
R T

n F
m  

w h er e m h a s u nit s A V - 1, n = 1, R = 8. 3 1 4 5 J m ol- 1 K- 1, T = 2 9 3. 1 5 K a n d F = 9 6 4 8 5 A s 

m ol - 1. R e c o g ni zi n g t h at 1 J = 1 k g m2  s- 2 a n d t h at 1 V = 1 k g m2  s- 3 A- 1, w e o bt ai n ix c  i n 

a m p er e s. E x c h a n g e c urr e nt s w er e n or m ali z e d b y m et al m a s s a n d E C S A t o c a pt ur e 

m a s s a cti viti e s, i 0 , a n d s p e cifi c a cti viti e s, j0 , r e s p e cti v el y. Ki n eti c c urr e nt s at 0. 1 V w er e 

c al c ul at e d b y K o ut e c k ý – L e vi c h a n al y si s ( Fi g. S 4 b). 



Results and discussion 

Catalyst Preparation 

Eleven novel carbon-based supported electrocatalysts, comprised of NiMo with a 9:1 

atomic ratio, were synthesized by a thermal reduction method. Briefly, fibrous carbon 

supports were obtained by electrospinning solutions of polyacrylonitrile (PAN) in 

dimethylformamide (DMF) containing varying amounts of CNT. After heat treatment, the 

carbonized fibers were combined with Ni and Mo precursors, with a target metal loading 

of 50 wt%, and thermally reduced in 5% H2. The catalysts were labelled NiMo/CF(X%), 

where X denotes the wt% of CNT in the carbon fiber support. For example, 

NiMo/CF(7%) consists of NiMo nanoparticles supported on carbon fibers containing 7 

wt% CNT, nominally. Ni and NiMo nanoparticles supported on Ketjenblack EC-600JD 

(KB) were also prepared and used as benchmarks.[1] All catalysts, with the exception of 

Ni/KB, were also synthesized with an additional heat treatment in 10% NH3; these 

catalysts are given the suffix ‘-NH3’. Table 1 summarizes the composition of the 

electrocatalysts synthesized and analyzed in this work. 

 

Table 1. Summary of carbon supported nickel-based catalyst synthesized for this study. 

Name Description 
Ni/KB Ni nanoparticles (NP) on Ketjenblack EC-600JD (KB) 

NiMo/KB Ni-Mo NP (9:1 at.) on KB 
NiMo/CF(0%) Ni-Mo NP (9:1 at.) on carbon fibers (CF) 
NiMo/CF(7%) Ni-Mo NP (9:1 at.) on 7 wt% CF 
NiMo/CF(13%) Ni-Mo NP (9:1 at.) on 13 wt% CF 
NiMo/CF(24%) Ni-Mo NP (9:1 at.) on 24 wt% CF 

NiMo/CNT Ni-Mo NP (9:1 at.) on carbon nanotubes (CNT) 

Suffix Description 
no suffix Catalyst thermally treated in 5% H2 / 95% Ar 

-NH3 
Catalyst thermally treated in 5% H2 / 95% Ar 

followed by a thermal treatment in 10% NH3 / 90% N2 



 

P h y si c al C h ar a ct eri z ati o n 

Tr a n s mi s si o n el e ctr o n mi cr o s c o p y ( T E M) a n d X-r a y diffr a cti o n ( X R D) a n al y si s c o nfir m 

t h e s u c c e s sf ul i n c or p or ati o n of t h e C N T i nt o t h e el e ctr o s p u n fi b er s ( Fi g. 1). Fi g. 1 a 

s h o w s C N T d e c or at e d c ar b o n fi b er s a n d t h e X R D i n Fi g. 1 b p o siti v el y c orr el at e s t h e 

gr a p hiti c c o nt e nt of t h e c at al y st s wit h t h e a m o u nt of C N T i n t h e c ar b o n s u p p ort. T E M 

al s o r e v e al s a n a p pr e ci a bl y h o m o g e n e o u s di stri b uti o n of n a n o p arti cl e s o n t h e c ar b o n 

s u p p ort s urf a c e, d e s pit e t h e hi g h n o mi n al m et al l o a di n g of 5 0 wt % ( Fi g. 2). I n p arti c ul ar, 

t h e hi g h s urf a c e ar e a of K B e n a bl e d a n e x c ell e nt di s p er si o n of t h e a cti v e m at eri al, wit h 

o nl y a f e w cl u st er s, m ai nt ai ni n g a n a v er a g e p arti cl e si z e of 1 3 ±  2 n m ( Fi g. 2 a). T h e 

wi d e s pr e a d pr e s e n c e of m et alli c p arti cl e s o n t h e fi br o u s c ar b o n s u p p ort s w a s al s o 

c o nfir m e d, wit h sli g ht a g gl o m er ati o n b ei n g o b s er v e d ( Fi g. 2 b a n d 2 c).  

 

Fi g ur e 1.  ( a− e) T E M i m a g e s of c ar b o n fi b er s d o p e d wit h C N T ( 7 wt %, n o mi n all y) b ef or e 

t h e a d diti o n of Ni M o n a n o p arti cl e s. T h e n a n o p arti cl e s pr e s e nt wit hi n t h e C N T, m o st 
n oti c e a bl e i n t h e t o p-l eft a n d b ott o m-l eft i m a g e s, ar e ni c k el i m p uriti e s i n t h e p ur c h a s e d 
C N T ( Fi g. S 5). (f) X-r a y diffr a cti o n p att er n s of t h e c at al y st s s y nt h e si z e d b y t h er m al 

r e d u cti o n i n 5 % H2 ; z o o m-i n of t h e gr a p hiti c p e a k ( 2θ  of 2 6 d e gr e e s) s h o w s t h e 

s u c c e s sf ul i n c or p or ati o n of hi g hl y gr a p hiti c C N T s i nt o t h e fi br o u s c ar b o n s u p p ort. ( g) 
S c h e m ati c of t h e el e ctr o s pi n ni n g s et u p. 



 

 

Fi g ur e 2. T E M i m a g e s of ( a, b) Ni M o/ K B, ( c, d) Ni M o/ C F( 0 %) a n d ( e − g) Ni M o/ C F( 7 %). 

 

C o nfir m ati o n of t h e Ni M o all o y ( 9: 1 at o mi c r ati o) w a s e st a bli s h e d b y e n er g y di s p er si v e 

X-r a y s p e ctr o s c o p y ( E D S), X R D a n d X-r a y A b s or pti o n N e ar E d g e Str u ct ur e ( X A N E S). 

T h e hi g h a n gl e a n n ul ar d ar k fi el d s c a n ni n g tr a n s mi s si o n el e ctr o n mi cr o s c o p y ( H A A D F-

S T E M) i m a g e of Ni M o/ K B, s h o w n i n Fi g. 3 a wit h it s c orr e s p o n di n g el e m e nt al m a p pi n g, 

c o nfir m s t h e pr e s e n c e of Ni M o all o y n a n o p arti cl e s s u p p ort e d o n t h e c ar b o n. T h e E D S 

s p e ctr u m i n Fi g. 3 b di s pl a y s a si g nifi c a ntl y hi g h er E D S c o u nt f or ni c k el c o m p ar e d t o 

m ol y b d e n u m, a s e x p e ct e d f or a 9: 1 ( Ni: M o) at o mi c r ati o. A n E D S li n e s c a n o v er a 

n a n o p arti cl e g e n er at e d a b ell c ur v e di stri b uti o n of Ni c o u nt s a n d a c o n st a nt di stri b uti o n 

of M o c o u nt s ( Fi g. 3 c), i m pl yi n g t h e p o s si bilit y of a s urf a c e e nri c h m e nt i n M o. I n 2 0 1 7 

K a bir et al. p o st ul at e d o n t h e M o ri c h s urf a c e f or Ni M o all o y e d n a n o p arti cl e s b a s e d o n 

X P S a n al y si s.[ 1]  

 



 

 

Fi g ur e 3. El e m e nt al c o m p o siti o n of a Ni M o/ K B n a n o p arti cl e.  ( a) H A A D F- S T E M i m a g e 

of a n a n o p arti cl e i n Ni M o/ K B, ( c − d) t h e c orr e s p o n di n g E D S m a p pi n g a n d ( e) s p e ctr u m. 
(f) E D S s p e ctr u m f or t h e li n e s c a n p erf or m e d al o n g t h e w hit e arr o w s h o w n i n ( a) o v er a 
Ni M o n a n o p arti cl e. 

 

T h e X R D p att er n f or m ol y b d e n u m-fr e e Ni/ K B ( Fi g. 4 a) e st a bli s h e s t h e pr e s e n c e of Ni O 

i n t h e b ul k, i n a d diti o n t o Ni m et al. I n c o ntr a st, all Ni M o c at al y st s, irr e s p e cti v e of t h eir 

c ar b o n s u p p ort, s h o w n o or mi ni m al b ul k Ni O, attri b ut e d t o t h e a bilit y of t h e hi g hl y 

o x y p hili c M o t o pr ot e ct Ni fr o m o xi d ati o n. A d diti o n all y, t h e pr e s e n c e of m et alli c M o 

r e s ult s i n a sli g ht l eft w ar d s hift of t h e Ni p e a k s. C al c ul at e d fr o m X R D, t h e c u bi c ni c k el 

p h a s e i n Ni/ K B h a s a l atti c e c o n st a nt of 3. 5 2 5 Å, i n a gr e e m e nt wit h t h e lit er at ur e.[ 1 2] 

M e a n w hil e, t h e c al c ul at e d l atti c e c o n st a nt s f or t h e Ni M o c at al y st s i n Fi g. 4 a li e b et w e e n 

3. 5 3 3 Å a n d 3. 5 4 1 Å, affir mi n g t h at t h e pr e s e n c e of M o m ar gi n all y i n cr e a s e s t h e l atti c e 

c o n st a nt. T h e X R D p att er n s of c at al y st s h e at tr e at e d i n N H 3  ar e di s pl a y e d i n Fi g. 4 b. 

W h il e all s p e ctr a ar e still d o mi n at e d b y t h e Ni M o p e a k s at 2  v al u e s of 4 4. 3, 5 1. 5 a n d 

7 6, ni c k el nitri d e si g n al s e m er g e f or s o m e c at al y st s a s a r e s ult of t h e N H 3  h e at 

tr eat m e nt. S p e cifi c all y, b ul k Ni 4 N i s i n cr e a si n gl y pr e s e nt i n Ni M o/ C F( 7 %), Ni M o/ C F( 2 4 %) 

a n d Ni M o/ C F( 0 %), wit h t h e l att er al s o c o nt ai ni n g s o m e Ni 3 N. 



 

Figure 4. X-ray diffraction patterns of catalysts synthesized by (a) thermal reduction in 5% 
H2, balance Ar and (b) thermal reduction in 5% H2, balance Ar, followed by a heat 
treatment in 10% NH3, balance N2. 

 

XANES analysis of the Ni K edge (8333 eV) for select catalysts are shown in Fig. 5. The 

presence of bulk NiO (Ni2+)nin Ni/KB is confirmed in Fig. 5a, showing the Ni/KB K edge 

shifting to a higher energy relative to the Ni foil (Ni0) and peaking sharply around 8350 

eV.[13] Conversely, NiMo/KB shows a smaller energy shift than Ni/KB relative to the Ni 

foil and a lower peak at 8350 eV. This can be attributed to the ability of highly oxyphilic 

Mo to protect Ni from oxidation, corroborated by XRD. Most evident from the XANES 

plot in Fig. 5a is the shift to lower energies for CNT containing catalysts. In fact, 

NiMo/CF(7%), NiMo/CF(24%) and NiMo/CNT all exhibit edges significantly lower 

energies compared to the Ni foil. Although full understanding of this phenomenon would 

require further characterization, we hypothesize these observed shifts result from the 

presence of highly graphitic CNTs, whose sp2-hybridized carbons behave as electron 

donors and create a reductive environment for the Ni. These large energy shifts are 

consistent with the successful incorporation of CNTs into the carbon support (and 

consequently into the catalyst matrix), and with electronic interactions between CNT 

and NiMo nanoparticles. 

 

 

 



 

Figure 5. XANES of the Ni K edge at 8333 eV for select catalysts synthesized by (a) 
thermal reduction in 5% H2, balance Ar and (b) thermal reduction in 5% H2, balance Ar, 
followed by a heat treatment in 10% NH3, balance N2. Direct comparison of the Ni K 
edge with and without heat treatment in ammonia for (c) NiMo/KB, (d) NiMo/CF(7%), (e) 
NiMo/CF(24%) and (f) NiMo/CNT. 

 

XANES was also used to investigate the effect of the heat treatment in NH3 on the 

electronic structure of the catalysts. From Fig. 5b, direct comparison of near edge 

structures before and after the treatment reveals that catalysts containing nickel nitride 

saw small shifts to higher energies (Fig. 5c-f). In particular, NiMo/CF(7%)-NH3 and 

NiMo/CF(24%)-NH3 both saw a shift to higher energy, relative to the Ni foil, in 

accordance with the oxidative effect of nitrogen, a highly electronegative element. The 

change was larger for NiMo/CF(24%)-NH3, in agreement with the XRD that this catalyst 

contained a larger amount of Ni4N relative to NiMo/CF(7%)-NH3 (Fig. 5c-d). The 

observed XANES shift associated with the formation of nickel nitride supports the works 

of Ni et al. and Song et al., both reporting positive Ni 2p3/2 binding energy shifts for Ni3N 

in XPS.[2,8] Specifically, Song et al. measured a shift from 852.4 eV to 853.3 eV as a 

result of surface Ni3N formation, which they believe to contain Ni(I) species.[2] Similarly, 

Ni et al. report a binding energy of 853 eV for Ni3N, which they ascribe to the presence 



of partially positive Ni(+�), akin to the nickel found in Ni2P.[8] Despite XANES and XPS 

being different spectroscopic techniques, their data in this case coalesce when probing 

very similar electronic structures. Furthermore, based on our XRD and XANES analysis, 

capable only of bulk characterization, the presence of nickel nitride on the surface of 

NH3 treated catalysts cannot be confirmed nor excluded. 

Electrochemically Active Surface Area 

The electrochemically active surface area (ECSA) of each catalyst was estimated 

experimentally by cyclic voltammetry (Fig. 6). Of the catalysts pyrolyzed only in H2 (Fig. 

6, orange), Ni/KB shows the smallest ECSA likely due to increased sintering during the 

thermal reduction, given that no thermal energy could go towards alloy formation. 

Conversely, NiMo/KB displays the largest ECSA, namely 8.4 ± 1.0 cm2, attributed to the 

excellent dispersion of the nanoparticles on the carbon support, as observed in TEM. 

The decreased ECSA for NiMo/CF(0%) and NiMo/CF(7%) agrees with the reduced 

metal dispersion (more agglomeration) observed in TEM for these catalysts; a similar 

effect can be hypothesized for NiMo/CF(13%) and NiMo/CF(24%). In particular, we 

postulate that the small diameter of the CNT presents a challenge for the formation of 

NiMo nanoparticles on these tubes and forces more nanoparticles to deposit on the 

carbon fibers. This is in agreement with TEM micrographs showing fewer and smaller 

nanoparticles on the CNTs, meanwhile agglomeration develops on the fibers. The 

slightly increased ECSA for NiMo/CNT is likely due to the formation of CNT 

agglomerates or ‘islands’ favoring the formation of NiMo nanoparticles. Furthermore, 

since the CNT are smaller in diameter than the carbon fibers (ca. 50 nm and >100 nm, 

respectively, by TEM) this results in a much higher surface area per unit mass, 

counteracting area loss due to agglomeration, and resulting in still an appreciably large 

surface area for the dispersion of the nanoparticles. 

 



 

Fi g ur e 6.  E C S A e sti m at e d b y C V s o bt ai n e d i n N2  s at ur at e d 0. 1 M N a O H b et w e e n − 0 . 0 6 

V a n d 0. 4 0 V at a s c a n r at e of 2 0 m V s - 1. T h e c h ar g e a s s o ci at e d wit h t h e f or m ati o n of a 

m o n ol a y er of α - Ni( O H)2  w a s c al c ul at e d b y s u btr a cti n g t h e c h ar g e r el at e d t o t h e c ar b o n 

s u p p ort fr o m t h e t ot al a n o di c c h ar g e. T hi s diff er e n c e w a s di vi d e d b y 0. 5 1 4 m C c m - 2 t o 

gi v e a n e sti m at e of t h e E C S A f or e a c h c at al y st. T h e c at al y st l o a di n g i s 5 0 0 µ g c m - 2. 

Er r or b ar s r e pr e s e nt st a n d ar d d e vi ati o n s of t hr e e i n d e p e n d e nt e x p eri m e nt s. 

 

Aft er t h e N H 3  h e at tr e at m e nt ( Fi g. 6, bl u e), d uri n g w hi c h t h e c at al y st w a s h el d at 3 5 0 ° C 

f or 3 h o ur s, Ni M o/ K B- N H3  s a w a 4 7 % d e cr e a s e i n E C S A, w hi c h i s l ar g el y attri b ut e d t o 

si nt eri n g. It i s li k el y t h at t h e s m all p arti cl e s of Ni M o/ K B ar e hi g hl y s u s c e pti bl e t o 

a g gl o m er ati o n. T h e f or m ati o n of s urf a c e Ni 3 N c o ul d al s o b e r e s p o n si bl e f or t h e 

d e cr e a s e d E C S A, h o w e v er t hi s c o ul d n ot b e c o nfir m e d s p e ctr o s c o pi c all y. T h e ot h er 

c at al y st s s h o w si mil ar E C S A b ef or e a n d aft er N H 3  h e at tr e at m e nt, wit h t h e e x c e pti o n of 

Ni M o/ C F( 7 %) a n d Ni M o/ C N T. It i s p o s si bl e t h e E C S A i s o v er e sti m at e d f or t h e s e 

c at al y st s d u e t o t h eir s u p eri or H E R a n d H O R p erf or m a n c e i nt erf eri n g wit h t h e 

el e ctr o c h e mi c al d et er mi n ati o n of t h e E C S A ( Fi g. S 6). 

H O R P erf or m a n c e 

T h e H O R p erf or m a n c e of all t hirt e e n c at al y st s w a s e v al u at e d u si n g a r ot ati n g di s k 

el e ctr o d e ( R D E), fr o m w hi c h t hr e e di sti n ct p erf or m a n c e q u a ntifi er s w er e o bt ai n e d: ( 1) 

t h e c urr e nt d e n sit y a c hi e v e d at 0. 1 V a n d a r ot ati o n s p e e d of 1 6 0 0 r p m, ( 2) t h e 

e x c h a n g e c urr e nt d e n sit y at 1 6 0 0 r p m a n d ( 3) t h e ki n eti c c urr e nt d e n sit y at 0. 1 V. T h e 

e x c h a n g e a n d ki n eti c c urr e nt d e n siti e s w er e n or m ali z e d b y t h e m et al m a s s a n d E C S A 



to capture mass and specific activities, respectively. CVs measured in N2 and H2 

saturated electrolyte (Fig. S7) reveal that all catalysts show some activity towards the 

HOR. Catalysts pyrolyzed only in H2 (Fig. 5a) produced CVs typical for Ni-based 

catalysts, featuring decaying currents past 0.12 V and the inability to reach diffusion 

limiting currents observed for Pt-based electrodes.[14,15] This undesirable, yet typical 

behavior is also observed for some precious metal catalysts such as Ru/C and has 

been associated with the formation of surface �-Ni(OH)2, which promptly follows the 

oxidation of Ni to non-stoichiometric NiOx occurring around 0.2 V.[16][4][17][18] The soft 

peak around 0.24 V seen for most CVs in Fig. 7 can therefore be attributed to the 

formation of a monolayer of �-Ni(OH)2, which, is known to be reversible and was 

confirmed in this work (Fig. S8).[1] The molybdenum free Ni/KB is not protected from 

oxidation, hence the current decay beginning before 0.1 V.  Moreover, in N2 saturated 

electrolyte, where Ni chemistry is evidenced over hydrogen’s, the oxidation of Ni occurs 

tens of millivolts before the oxidation of NiMo (Fig. S9). This delay in the passivation of 

Ni is desirable, as it enables the catalyst to operate at higher anodic potentials where 

higher currents can be achieved.[8] Catalysts heat treated in NH3 achieved higher 

currents (Fig. 5b), with NiMo/CF(7%)-NH3 seeing a three-fold increase in the current 

density at 0.1 V (Fig. 8). Still, even for these catalysts, diffusion limiting current densities 

were not achieved and current decay was observed at more oxidative potentials.[19] Fig. 

8 summarizes the current densities achieved at 0.1 V in H2 saturated 0.1 M NaOH with 

a rotating speed of 1600 rpm and a scan rate of 5 mV s-1. At 0.1 V NiMo/CF(7%)-NH3 

and NiMo/CNT-NH3 share the same maximum current density of 1.51 ± 0.04 mA cm-2, 

surpassing Pd/C and Ru/C (1.25 and 1.4 mA cm-2) as well as NiMo on 2D-MXene (1.47 

mA cm-2), under equivalent conditions.[6,15,16] 

 

 

 

 

 

 



 

 

 
Fi g ur e 7.  C V s m e a s ur e d b et w e e n − 0. 0 6  V a n d 0. 4 0 V i n H2  s at ur at e d 0. 1 M N a O H at a 

s c a n r at e of 5 m V s - 1, a r ot ati n g s p e e d of 1 6 0 0 r p m a n d a c at al y st l o a di n g of 5 0 0 µ g c m -

2 . C at al y st s s y nt h e si z e d b y ( a) t h er m al r e d u cti o n i n 5 % H2 , b al a n c e Ar a n d ( b) t h er m al 
r ed u cti o n i n 5 % H 2 , b al a n c e Ar, f oll o w e d b y a h e at tr e at m e nt i n 1 0 % N H3 , b al a n c e N2 . 

T h er m all y tr e ati n g t h e c at al y st s i n N H 3  i n cr e a s e s t h e H O R a cti vit y. C ur v e s ar e a v er a g e s 
of  t hr e e i n d e p e n d e nt e x p eri m e nt s. 

 

Fi g ur e 8.  C urr e nt d e n siti e s n or m ali z e d b y t h e el e ctr o d e s urf a c e ar e a, a c hi e v e d at 0. 1 V 

d uri n g t h e a n o di c s w e e p of C V s o bt ai n e d b et w e e n − 0. 0 6 V a n d 0. 4 0 V, wit h a s c a n r at e 
of 5 m V s - 1, i n H2  s at ur at e d 0. 1 M N a O H. T h e r ot ati n g s p e e d w a s 1 6 0 0 r p m a n d t h e 

c a t al y st l o a di n g w a s 5 0 0 µ g c m - 2. Err or b ar s r e pr e s e nt st a n d ar d d e vi ati o n s of t hr e e 

i nd e p e n d e nt e x p eri m e nt s. 

 

 

 



L S V s m e a s ur e d at diff er e nt r ot ati n g s p e e d s c o nfir m t h e hi g h H O R a cti vit y of t h e 

c at al y st s ( Fi g. S 1 0). T h e r ot ati n g s p e e d d e p e n d e n c e o n t h e a n o di c c urr e nt s f or 

Ni M o/ K B ( Fi g. 9 a) i s str e n gt h e n e d b y t h e N H 3  h e at tr e at m e nt ( Fi g. 9 b) i n di c ati n g a n 

i mpr o v e m e nt i n t h e H O R p erf or m a n c e. T hi s ki n d of e n h a n c e m e nt i s o b s er v e d f or all 

c at al y st s ( Fi g. S 1 0) a n d i s m o st e vi d e nt f or Ni M o/ C F( 7 %) a s s h o w n i n Fi g. 9 c- d. 

I nt er e sti n gl y, Ni/ K B ( Fi g. S 1 0) s h o w s a mi ni m al c urr e nt d e p e n d e n c e o n t h e r ot ati o n 

s p e e d gi v e n t h at sli g ht a n o di c p ot e nti al s r a pi dl y q u e n c h it s c at al yti c a bilit y, o w e d t o t h e 

f or m ati o n of s urf a c e  - Ni( O H)2 .  

 

F ig ur e 9.  L S V s m e a s ur e d b et w e e n − 0. 0 6  V a n d 0. 1 1 V i n H2  s at ur at e d 0. 1 M N a O H at a 

s c a n r at e of 5 m V s - 1, a c at al y st l o a di n g of 5 0 0 µ g c m - 2, a n d v ari o u s r ot ati n g s p e e d s 

( 40 0, 6 2 5, 9 0 0, 1 6 0 0 a n d 2 5 0 0 r p m). ( a) a n d ( c) b el o n g t o c at al y st s Ni M o/ K B a n d 
Ni M o/ C F( 7 %), r e s p e cti v el y, s u bj e ct e d o nl y t o a t h er m al r e d u cti o n i n 5 % H 2 , b al a n c e Ar. 
( b) a n d ( d) b el o n g t o c at al y st s Ni M o/ K B a n d Ni M o/ C F( 7 %), r e s p e cti v el y, t h at w er e al s o 
t h er m all y tr e at e d i n 1 0 % N H3 , b al a n c e N2 . T h er m all y tr e ati n g t h e c at al y st s i n N H3  



i n cr e a s e s t h e H O R a cti vit y; i n t h e c a s e of Ni M o/ C F( 7 %) t hi s i n cr e a s e i s s u b st a nti al. 
C ur v e s ar e a v er a g e s of t hr e e i n d e p e n d e nt e x p eri m e nt s. 

M a s s w ei g ht e d e x c h a n g e c urr e nt d e n siti e s w er e c al c ul at e d f or e a c h c at al y st u si n g a 

n o mi n al m et al l o a di n g of 2 5 0 µ g c m - 2 o n t h e R D E ti p ( Fi g. 1 0 a). All c at al y st s s a w a n 

i ncr e a s e i n m a s s w ei g ht e d e x c h a n g e c urr e nt d e n sit y a s a r e s ult of t h e N H 3  h e at 

tr eat m e nt. I n p arti c ul ar, N H 3  tr e at e d Ni M o/ K B- N H3  a n d Ni M o/ C N T- N H3  s h o w e d t h e 

hi g h e st m a s s e x c h a n g e c urr e nt d e n siti e s, wit h v al u e s of 3. 6 ± 0. 5 a n d 4. 0 ± 0. 4 A g -

1
m e t al, r e s p e cti v el y. C o m p ar a bl e t o Ni/ N- C N T s ( 3. 5 A g- 1

m e t al) a n d 2 0 % P d/ C ( 5 ± 1 A g-

1
m e t al, f or a p arti cl e di a m et er of 3 4 n m).[ 2 0, 2 1] Ni M o/ C F( 7 %), d e m o n str at e d t h e n e xt 

hi g h e st m a s s e x c h a n g e c urr e nt of 3. 1 ± 0. 5 A g - 1
m e t al, s a w a t hr e ef ol d i n cr e a s e a s a 

r es ult of t h e N H 3  tr e at m e nt. M or e o v er, t h e a cti viti e s of Ni M o/ K B- N H3 , Ni M o/ C N T- N H3  

a n d Ni M o/ C F( 7 %)- N H 3  e x c e e d e d t h at of Ni M o o n 2 D- M X e n e, r e p ort e d at 2. 0 9 A g-

1
Ni M o .[ 6] I n g e n er al, t h e m a s s e x c h a n g e c urr e nt d e n siti e s r e p ort e d i n t hi s st u d y ar e li k el y 

u n d er e sti m at e d d u e t o t h e hi g h c at al y st l o a di n g of 5 0 0 µ g c m - 2. T h e t hi c k c at al y st fil m i s 

u n li k el y t o s e e f ull utili z ati o n of it s a cti v e m at eri al d u e t o m a s s tr a n s p ort li mit ati o n s, 

r e s ulti n g i n d e pr e s s e d m a s s w ei g ht e d e x c h a n g e c urr e nt d e n siti e s. T o r ei nf or c e t hi s 

h y p ot h e si s, t h e H O R c urr e nt s di d n ot i n cr e a s e pr o p orti o n all y wit h c at al y st l o a di n g w h e n 

g oi n g fr o m 1 0 0 µ g c m - 2 t o 5 0 0 µ g c m -2  ( Fi g. S 1 1). Still, t h e d e ci si o n t o u s e a l o a di n g of 

5 0 0 µ g c m - 2 w a s t o o bt ai n l ar g er n o mi n al c urr e nt s i n t h e h o p e t o bri n g o ut diff er e n c e s 

a n d si mil ariti e s b et w e e n t h e diff er e nt s y nt h e si s m et h o d s.  

 

Fi g ur e 1 0.  H O R p erf or m a n c e m etri c s. ( a) M a s s w ei g ht e d a n d ( b) E C S A w ei g ht e d 

e x c h a n g e c urr e nt d e n siti e s o bt ai n e d fr o m L S V s m e a s ur e d b et w e e n − 0. 0 6 V a n d 0. 4 0 V 
i n H2  s at ur at e d 0. 1 M N a O H at a s c a n r at e of 5 m V s- 1 a n d 1 6 0 0 r p m. T h e mi cr o-

p o l ari z ati o n r e gi o n, - 1 0 m V < η  < 1 0 m V, w a s li n e ari z e d b y l e a st- s q u ar e s fitti n g ( Fi g. 



S 4 a). All R 2  v al u e s w er e at l e a st 0. 9 9. Err or b ar s r e pr e s e nt st a n d ar d d e vi ati o n s of t hr e e 
i nd e p e n d e nt e x p eri m e nt s. 

E C S A w ei g ht e d e x c h a n g e c urr e nt d e n siti e s w er e c al c ul at e d t o f a cilit at e t h e c o m p ari s o n 

wit h st at e- of-t h e- art P G M-fr e e H O R c at al y st s. A s s h o w n i n Fi g. 1 0 b all c at al y st s s a w a n 

i n cr e a s e i n s p e cifi c a cti vit y a s a r e s ult of t h e N H3  h e at tr e at m e nt. T h e hi g h s p e cifi c 

e x c h a n g e c urr e nt d e n sit y of m ol y b d e n u m-fr e e Ni/ K B i s n ot s ur pri si n g gi v e n t h e i n h er e nt 

a bilit y of Ni t o c at al y z e h y dr o g e n el e ctr o d e r e a cti o n s.[ 5] T h e r ol e of t h e M o i s t h er ef or e 

n ot s ol el y t o i m pr o v e t h e i ntri n si c a cti vit y of t h e Ni, b ut r at h er w or k a s a p a s si v ati o n 

r et ar d a nt. T h e d el a y e d o xi d ati o n of Ni M o w a s pr o p o s e d b y t h e X R D a n d X A N E S 

a n al y si s ( Fi g. 4 a n d Fi g. 5) a n d c o nfir m e d b y C V s m e a s ur e d i n N 2  s at ur at e d el e ctr ol yt e 

(F i g. S 9). T h e E C S A w ei g ht e d e x c h a n g e c urr e nt d e n siti e s f or Ni M o/ K B- N H3  a n d 

Ni M o/ C F( 2 4 %)- N H 3  w er e 5 0. 9 ± 7. 7 a n d 4 0. 2 ± 3. 2 µ A  c m- 2
E C S A , r e s p e cti v el y, w hi c h 

o u t p erf or m Ni/ N- C N T s ( 2 8 µ A c m - 2
E C S A ) a s w ell a s u ntr e at e d Ni M o/ K B, alr e a d y a n 

e x c ell e nt n o n- P G M H O R c at al y st fir st r e p ort e d b y S a di a et al. a n d h er e u s e d a s a 

b e n c h m ar k.[ 1 7, 2 0] F urt h er m or e, Ni M o/ K B- N H 3  h a s a n H O R a cti vit y c o m p ar a bl e t o P d/ C 

( 60 ± 2 0 µ A c m - 2
E C S A ), 2 0 % P d/ C Pr e mt e k ( 5 2 ± 2 µ A  c m- 2

E C S A ), a n d R u/ C ( 6 4 µ A  c m-

2
E C S A ).[ 2 1 – 2 3] I n a d diti o n, Ni M o/ K B- N H3  a n d Ni M o/ C F( 2 4 %)- N H3  o ut p erf or m C o Ni M o, 

Ni C u/ C,  Ni/ Gr a p h e n e a n d o x y g e n- v a c a n c y-ri c h C e O 2 - Ni ( 3 8 µ A  c m- 2
E C S A ), w hil e o nl y 

Ni M o/ K B o ut p erf or m s Ni/ S C.[ 2 4 – 2 8] [ 3] 

 

Ki n eti c c urr e nt d e n siti e s, e xtr a p ol at e d fr o m K o ut e ki- L e vi c h ( K L) pl ot s, ar e s u m m ari z e d 

i n Fi g. 1 1. E x pr e s s e d a s m a s s a n d E C S A w ei g ht e d v al u e s, t h e s e c urr e nt d e n siti e s 

c a pt ur e t h e H O R a cti vit y of t h e c at al y st s at 0. 1 V, a s s u mi n g n o m a s s tr a n s p ort 

li mit ati o n s. M or e s p e cifi c all y, t hi s q u a ntifi er c o m bi n e s t h e i ntri n si c a cti vit y of t h e c at al y st 

wit h it s a bilit y t o wit h st a n d p a s si v ati o n a n d c o nti n u e t o p erf or m t h e H O R at a sli g htl y 

a n o di c p ot e nti al. Of t h e c at al y st s o nl y p yr ol y z e d i n H 2 , Ni/ K B i s n o l o n g er t h e b e st 

p e rf or mi n g, a c c or di n g t o t hi s p ar a m et er ( Fi g. 1 1), d e s pit e h a vi n g t h e l ar g e st s p e cifi c 

e x c h a n g e c urr e nt d e n sit y ( Fi g. 1 0 b). T hi s i s b e c a u s e at a p ot e nti al of 0. 1 V it s i ntri n si c 

c at al yti c c a p a bilit y i s alr e a d y h a vi n g t o c o m p et e wit h e xt e n si v e p a s si v ati o n of Ni i nt o   -

Ni( O H) 2 . T hi s i s s u p p ort e d b y t h e w e a k d e p e n d e n c y of c urr e nt o n r ot ati o n s p e e d f or 

Ni / K B ( Fi g. S 1 0) q u a ntifi e d b y a n R2  of 0. 9 0 i n t h e K L pl ot. T h e s m all R2  i n di c at e s t h at 



w h at e v er i s li miti n g t h e c urr e nt at 0. 1 V c a n n ot b e o v er c o m e b y i n cr e a si n g t h e r ot ati o n 

s p e e d. H e n c e, r e a ct a nt a v ail a bilit y a n d ot h er m a s s tr a n s p ort eff e ct s ar e li k el y irr el e v a nt. 

O n t h e c o ntr ar y, a r e d u cti o n i n t h e n u m b er of a cti v e sit e s d u e t o p a s si v ati o n w o ul d 

e x pl ai n t h e o b s er v e d b e h a vi or. Si mil arl y, Ni M o/ C F( 7 %), wit h a n R 2  of 0. 7 2, di s pl a y s littl e 

t o n o d e p e n d e n c e o n tr a n s p ort p h e n o m e n a at 0. 1 V. H o w e v er, t h e st a g n a nt H O R 

c urr e nt s ar e n ot d u e t o Ni p a s si v ati o n, b ut r at h er a r e d u c e d i ntri n si c c at al yti c a cti vit y, 

d e m o n str at e d b y t h e l o w e x c h a n g e c urr e nt d e n sit y. Ni M o/ K B- N H 3  a n d Ni M o/ C F( 2 4 %)-

N H 3  g a v e ri s e t o t h e l ar g e st s p e cifi c ki n eti c c urr e nt d e n siti e s, h o w e v er, Ni M o/ C F( 7 %)-

N H 3  a n d Ni M o/ C N T- N H 3  cl o s el y f oll o w e d, i n t h at or d er. T h e ki n eti c c urr e nt d e n siti e s 

c a l c ul at e d at 0. 0 5 V a n d n or m ali z e d b y t h e g e o m etri c ar e a of t h e el e ctr o d e (i e. R D E 

gl a s s y c ar b o n ti p, 0. 2 4 7 c m 2 ) w er e 1. 5 3 ± 0. 2 1, 1. 6 2 ± 0. 1 7 a n d 2. 0 1 ± 0. 0 8 m A c m- 2 f or 

N iM o/ K B- N H 3 , Ni M o/ C F( 7 %)- N H3  a n d Ni M o/ C N T- N H3 , r e s p e cti v el y. T h e s e v al u e s 

o u t p erf or m e d t h e 1. 1 2 m A c m- 2 of Ni M o o n 2 D- M X e n e a n d 1. 7 3 m A c m- 2 of o x y g e n-

v a c a n c y-ri c h C e O 2 - Ni r e p ort e d b y Z h a n g et al. a n d Y a n g et al., r e s p e cti v el y.[ 6, 2 8] 

 

Fi g ur e 1 1.  H O R p erf or m a n c e m etri c s. ( a) M a s s w ei g ht e d a n d ( b) E C S A w ei g ht e d 
ki n eti c c urr e nt d e n siti e s a c hi e v e d at 0. 1 V i n H 2  s at ur at e d 0. 1 M N a O H at a s c a n r at e of 

5  mV s - 1. T h e c at al y st l o a di n g w a s 5 0 0 µ g c m - 2. T h e s e v al u e s w er e c al c ul at e d fr o m 

K o ut e c k ý- L e vi c h pl ot s (i - 1 v s. ω - 1/ 2), m e a s ur e d at v ari o u s r ot ati n g s p e e d s ( 4 0 0, 6 2 5, 9 0 0, 

1 6 0 0 a n d 2 5 0 0 r p m), aft er li n e ari z ati o n b y l e a st- s q u ar e s fitti n g ( Fi g. S 4 b). All R 2  v al u e s 
w e r e at l e a st 0. 9 8, w h e n r o u n d e d t o t w o si g nifi c a nt fi g ur e s, wit h t h e e x c e pti o n of t hr e e 
c at al y st s, w h o s e R 2  v al u e s ar e r e p ort e d i n t h e pl ot s. Err or b ar s r e pr e s e nt st a n d ar d 
d e vi ati o n s of t hr e e i n d e p e n d e nt e x p eri m e nt s. 

 

Fr o m t h e r e s ult s i n Fi g. 8, 1 0 a n d 1 1, c at al y st s t h at u n d er w e nt a h e at tr e at m e nt i n N H 3  

di s pl a y e d hi g h er H O R p erf or m a n c e. S p e cifi c all y, all c at al y st s s h o w e d hi g h er ki n eti c a n d 

e x c h a n g e c urr e nt d e n siti e s aft er t h e N H 3  tr e at m e nt. H o w e v er, i m pr o v e m e nt i n t h e H O R 



performance was uneven, with NiMo/KB, NiMo/CF(7%), NiMo/CF(24%) and NiMo/CNT 

benefiting the most from the NH3 heat treatment. Furthermore, no one catalyst was the 

top performer for all three HOR performance quantifiers. NiMo/CF(7%)-NH3 and 

NiMo/CNT-NH3 jointly had the highest current densities at 0.1 V, while NiMo/KB-NH3 

and NiMo(24%CNT)-NH3 showed the highest ECSA weighted kinetic current densities. 

These two catalysts also displayed the highest specific kinetic current density at 0.1 V, 

followed closely by NiMo/CF(7%)-NH3 and NiMo/CNT-NH3. The increase in the HOR 

performance after the NH3 treatment is consistent with the works of Ni et. al and Song. 

et al., both ascribing the high HOR performance of their catalysts to the presence of 

Ni3N.[2,8] Song et al. show through computation that interfacial Ni3N/Ni sites supported 

on nickel foam (NF) have a hydrogen adsorption energy very close to zero: a property 

known to favor hydrogen electrochemistry.[2] Ni et al., also suggested weakening of the 

hydrogen bonding energy for their catalyst.[8] For the materials reported herein, 

structure-performance relations are not as lucid given that Ni4N was detected in only 

half of the top performing HOR catalysts. The XRD and XANES characterization are 

both incapable of surface sensitivity, therefore the presence of interfacial nitrides on the 

other catalysts cannot be excluded. Furthermore, the presence of bulk Ni4N does not 

rule out the existence of a more nitrogen-rich phase on the surface of the nanoparticles; 

in fact, it might even support it. The source of nitrogen was gas phase NH3 reacting with 

the surface of the alloy nanoparticles. Hence, the presence of a thin Ni3N layer—so thin 

to be undetectable by XRD and XANES—on the surface of the Ni4N cannot be excluded. 

 

In general, HOR activity slightly benefited from CNT-doping of the carbon fiber supports; 

nonetheless, this claim is to be made carefully. NiMo/CF(0%) did not excel in any of the 

HOR performance metrics. However, the same can be said for NiMo/CF(13%), 

disrupting the link between HOR performance and CNT-doping. Furthermore, 

NiMo/CF(13%) outperformed NiMo/CF(0%) only for ECSA weighted quantifiers, 

implying that the quality of alloy dispersion onto the carbon support factored into these 

trends. The high currents measured for NiMo/CF(7%)-NH3 and NiMo/CF(24%)-NH3, 

relative to NiMo/CF(0%)-NH3, reinforce the conclusion that CNT-doping slightly 

enhanced the HOR performance. In particular, the specific exchange current density of 



t h e N H3  tr e at e d c at al y st s i n cr e a s e d c o n c urr e ntl y wit h t h e a m o u nt of C N T i n t h e c ar b o n 

fi ber s u p p ort ( Fi g. 1 0 b). Z h u a n g et al. p oi nt t o el e ctr o ni c eff e ct s b et w e e n t h e nitr o g e n-

d o p e d C N T a n d t h e m et al p h a s e t o e x pl ai n t h e s ur pri si n g H O R p erf or m a n c e of Ni/ N-

C N T.[ 2 6] S p e cifi c all y, t h e y pr o p o s e t h at t h e or bit al s of Ni at o m s l o c at e d o n t h e e d g e of 

n a n o p arti cl e s w er e t u n e d b y nitr o g e n at o m s i n t h e N- C N T s u p p ort.[ 2 6] I n o ur m at eri al s, 

t h e pr e s e n c e of nitr o g e n- d o p e d C N T r e s ulti n g fr o m t h e N H3  h e at tr e at m e nt c a n n ot b e 

e x cl u d e d. H o w e v er, t h e pr e s e n c e of s u c h m oi eti e s a n d t h eir c o n s e q u e nt i nt er a cti o n wit h 

t h e a cti v e m at eri al w er e n ot i n v e sti g at e d. O pti mi z ati o n of s y nt h e si s p at h w a y s, w hi c h i s 

b e y o n d t h e s c o p e of t hi s st u d y, c o ul d l e a d t o a m or e h o m o g e n e o u s di s p er si o n of t h e 

m et al n a n o p arti cl e s o n t h e c ar b o n s u p p ort a n d f a cilit at e t h e i n v e sti g ati o n of Ni M o- C, 

a n d p ot e nti all y Ni M o- N- C, i nt er a cti o n s. A n i m pr o v e d m et al di s p er si o n w o ul d al s o r e d u c e 

di s cr e p a n ci e s b et w e e n t h e m a s s a n d E C S A w ei g ht e d p erf or m a n c e d e s cri pt or s.  

 

T h e H E R a cti vit y of t h e f o ur b e st H O R c at al y st s, a s w ell a s t h eir N H 3  u ntr e at e d 

pr e c ur s or s, w a s a s c ert ai n e d b y r ot ati n g di s k el e ctr o d e. H E R L S V s r e c or d e d i n 0. 1 M 

N a O H at a s c a n r at e of 1 0 m V s - 1 a n d 2 5 0 0 r p m ar e s h o w n i n Fi g. 1 2. T h e c at al y st s, 

wi t h a l o a di n g of 5 0 µ g m et al  c m- 2, ar e b e n c h m ar k e d a g ai n st c o m m er ci al 1 0 % Pt/ C, 1 0 

µ g P t c m- 2. All c at al y st s r e a c h 1 0 m A c m- 2 wit h l e s s t h a n 3 5 0 m V o v er p ot e nti al, 

c o nfir mi n g t h e o v er all H E R a cti vit y. T h o u g h Pt/ C r e m ai n s u n m at c h e d, Ni M o/ K B, 

Ni M o/ K B- N H 3  a n d Ni M o/ C N T- N H3  s h o w s u p eri or H E R a cti vit y, c o m p ar a bl e t o t h at of 

fu n cti o n ali z e d Ni/ C r e p ort e d b y D o a n et al.[ 7] I n f a ct, t h e s e t hr e e c at al y st s g e n er at e 2 5 

m A c m - 2 of c urr e nt wit h l e s s t h a n 3 0 0 m V o v er p ot e nti al, d e s pit e t h eir l o w c at al y st 

l oa di n g. B a s e d o n Fi g. 1 2, o nl y Ni M o/ C F( 7 %) a n d Ni M o/ C N T s h o w i m pr o v e d H E R 

p erf or m a n c e aft er t h e N H 3  h e at tr e at m e nt. T hi s c a n b e r ati o n ali z e d b y t h e f a ct t h at 

c u rr e nt d e n siti e s i n Fi g. 1 2 ar e n or m ali z e d b y g e o m etri c ar e a a s o p p o s e d t o E C S A ( Fi g. 

6). C at al y st s wit h l o w er E C S A, s u c h a s Ni M o/ K B- N H 3  a n d Ni M o/ C F( 2 4 %)- N H3 , ar e 

s o m e w h at p e n ali z e d i n Fi g. 1 2. It f oll o w s t h at t hi s pl ot i s b ett er u s e d f or b e n c h m ar ki n g 

a g ai n st Pt/ C, r at h er t h a n f or a t h or o u g h c o m p ari s o n b et w e e n Ni M o c at al y st s. Fi g. S 1 2 

s h o w s t h e L S V s i n Fi g. 1 2 n or m ali z e d b y E C S A. T hi s fi g ur e hi g hli g ht s t h e i m pr o v e d 

H E R p erf or m a n c e of Ni M o/ K B- N H 3  a n d Ni M o/ C F( 2 4 %)- N H3  b y c orr e cti n g f or l o s s e s i n 

E C S A d uri n g t h e N H 3  tr e at m e nt. F urt h er m or e, t h e s e t w o m at eri al s s a w t h e l ar g e st 



i n cr e a s e i n e x c h a n g e c urr e nt d e n sit y ( Fi g. 1 0 b): a d e s cri pt or of n ot o nl y H O R b ut al s o 

H E R p erf or m a n c e.[ 2 9] Fi g. S 1 2 s h o w s littl e i m pr o v e m e nt i n s p e cifi c H E R a cti vit y f or 

Ni M o/ C F( 7 %) a n d Ni M o/ C N T aft er t h e N H 3  tr e at m e nt; t hi s i s e s p e ci all y tr u e f or 

Ni M o/ C N T. H o w e v er, t hi s i s e x pl ai n e d b y t h e li k el y o v er e sti m at e d E C S A s f or 

Ni M o/ C F( 7 %)- N H 3  a n d Ni M o/ C N T- N H3  l e a di n g t o d e pr e s s e d s p e cifi c H E R c urr e nt s. 

M or e o v er, r el ati v e t o Ni M o/ C F( 7 %), Ni M o/ C N T s h o w s a s m all er i n cr e a s e i n t h e 

e x c h a n g e c urr e nt d e n sit y aft er t h e N H 3  tr e at m e nt. 

 

Fi g ur e 1 2.  L S V s m e a s ur e d b et w e e n 0. 0 5 V a n d - 0. 6 V i n N2  s at ur at e d 0. 1 M N a O H at a 

s c a n r at e of 1 0 m V s - 1 a n d 2 5 0 0 r p m. T h e l o a di n g w a s 5 0 µ g m et al  c m- 2 f or Ni M o c at al y st s 

a n d 1 0 µ g Pt  c m- 2 f or Pt/ C. D a s h e d c ur v e s ar e f or c at al y st s h e at tr e at e d i n N H3 . C ur v e s 
ar e a v er a g e s of t hr e e i n d e p e n d e nt e x p eri m e nt s. 

 

C o n cl u si o n 

El e v e n P G M-fr e e c ar b o n s u p p ort e d Ni M o c at al y st s w er e pr e p ar e d, c h ar a ct eri z e d a n d 

t e st e d f or H O R i n al k ali n e m e di a. T h e b e st p erf or mi n g c at al y st s w er e al s o a cti v e f or 

H E R. T h e Ni M o all o y e d n a n o p arti cl e s w er e s u p p ort e d o n C N T- d o p e d c ar b o n fi b er s, 

s y nt h e si z e d i n- h o u s e b y el e ctr o s pi n ni n g, a n d b e n c h m ar k e d a g ai n st Ni/ K B a n d Ni M o/ K B. 

S u c c e s sf ul i nt e gr ati o n of t h e C N T s wit h t h e el e ctr o s p u n fi b er s w a s v erifi e d b y T E M, 

X R D a n d X A N E S. T o g et h er wit h S T E M- E D S, t h e s e t e c h ni q u e s c o nfir m e d a g o o d 

di s p er si o n of t h e m et al n a n o p arti cl e s o n t h e c ar b o n s urf a c e a s w ell a s t h e f or m ati o n of a 



Ni M o all o y ( 9: 1 at o mi c r ati o). A d diti o n all y, X A N E S a n d X R D w er e u s e d t o m o nit or t h e 

eff e ct of a s e c o n d h e at tr e at m e nt i n 1 0 % N H 3  o n t h e m et alli c p h a s e of t h e c at al y st s. 

E C S A s w er e e sti m at e d b y c y cli c v olt a m m etr y t a ki n g i nt o a c c o u nt t h e el e ctr o c h e mi c al 

c o ntri b uti o n of t h e c ar b o n s u p p ort. H O R p erf or m a n c e w a s e v al u at e d u si n g t hr e e 

q u a ntifi er s. Fir st, t h e c urr e nt d e n sit y at 0. 1 V, w h er e Ni M o/ C F( 7 %)- N H 3  a n d Ni M o/ C N T-

N H 3  g a v e t h e hi g h e st c urr e nt of 1. 5 1 ± 0. 0 4 m A c m - 2, t h er e b y s ur p a s si n g m a n y hi g h 

p e rf or mi n g c at al y st s, s o m e c o nt ai ni n g P G M s. M a s s a n d E C S A w ei g ht e d e x c h a n g e 

c urr e nt d e n siti e s w er e al s o c al c ul at e d a n d c o m p ar e d t o t h e st at e of t h e art. Ni M o/ K B-

N H 3  a n d Ni M o/ C N T- N H3 , wit h m a s s e x c h a n g e c urr e nt d e n siti e s of 3. 6 ± 0. 5 a n d 4. 0 ± 

0. 4  A g- 1
m e t al, r e s p e cti v el y, o ut p erf or m e d Ni/ N- C N T ( 3. 5 A g- 1

m e t al) a n d Ni M o/ 2 D- M X e n e 

( 2. 0 9 A g- 1
Ni M o ).[ 6, 2 6] O n a n E C S A b a si s, Ni M o/ K B- N H3  a n d Ni M o/ C F( 2 4 %)- N H3  

pr o d u c e d c urr e nt s of  5 0. 9 ± 7. 7 a n d 4 0. 2 ± 3. 2 µ A c m - 2
E C S A , r e s p e cti v el y, s ur p a s si n g 

o x y g e n- v a c a n c y-ri c h C e O 2 - Ni ( 3 8 µ A  c m- 2
E C S A ), a n d a p pr o a c hi n g s o m e P G M c at al y st s: 

P d / C ( 6 0 ± 2 0 µ A c m - 2
E C S A ), 2 0 % P d/ C Pr e mt e k ( 5 2 ± 2 µ A  c m- 2

E C S A ) a n d R u/ C ( 6 4 µ A  

c m - 2
E C S A ).[ 1 5, 2 1, 2 8] Fi n all y, ki n eti c c urr e nt d e n siti e s, o bt ai n e d fr o m K L pl ot s, w er e u s e d 

t o c a pt ur e H O R c at al yti c a cti vit y i n t h e a b s e n c e of m a s s tr a n s p ort li mit ati o n s. At 0. 0 5 V, 

Ni M o/ K B- N H 3  a n d Ni M o/ C F( 2 4 %)- N H3  h a d t h e l ar g e st ki n eti c c urr e nt d e n siti e s, 

n o r m ali z e d b y g e o m etri c ar e a, a n d b a s e d o n t hi s i n di c at or, o ut p erf or m e d o x y g e n-

v a c a n c y-ri c h C e O 2 - Ni a s w ell a s Ni M o/ 2 D- M X e n e.[ 6, 2 8] H e at tr e at m e nt i n N H 3  

e n h a n c e d t h e H O R p erf or m a n c e of all c at al y st s. I n a d diti o n, H O R a cti vit y sli g htl y 

b e n efit e d fr o m C N T- d o pi n g of t h e c ar b o n fi b er s u p p ort.  

 

T hi s st u d y s u p p ort s o n g oi n g eff ort s t o e st a bli s h el e ctr o s pi n ni n g a s a t e c h ni q u e f or 

s y nt h e si zi n g c ar b o n- b a s e d s u p p ort s t h at ar e t u n a bl e ( s u c h a s wit h C N T- d o pi n g) a n d 

r o b u st, c a p a bl e of wit h st a n di n g s u b s e q u e nt h e at tr e at m e nt s, u s u all y r e q uir e d i n t h e 

pr e p ar ati o n/ a n n e ali n g of m et alli c n a n o p arti cl e s. F urt h er m or e, el e ctr o c h e mi c al d at a  

e m p h a si z e d t h at N H 3  tr e ati n g c ar b o n s u p p ort e d ni c k el- b a s e d c at al y st s r e s ult s i n 

s u b st a nti al ( u p t o fi v e-f ol d) i n cr e a s e s i n t h e H O R p erf or m a n c e. Fi n all y, b a s e d o n t h e 

el e ctr o c h e mi c al r e s ult s, w e c o n cl u d e t h at t h e N H 3  h e at tr e at m e nt al s o i m pr o v e d H E R 

a c ti vit y, t h u s pr o m oti n g ni c k el’ s a bilit y t o c at al y z e b ot h t h e H E R a n d H O R i n al k ali n e 

m e di a. 



 

 

 

C o rr e s p o n di n g A ut h or 

Pl a m e n At a n a s s o v −  D e p art m e nt of C h e mi c al a n d Bi o m ol e c ul ar E n gi n e eri n g, U ni v er sit y 

of C alif or ni a, Ir vi n e, C alif or ni a 9 2 6 9 7, U S A 

C o nfli ct s of I nt er e st 

T h er e ar e n o c o nfli ct s t o d e cl ar e. 

A c k n o wl e d g e m e nt s  

T h e a ut h or s a c k n o wl e d g e t h e u s e of f a ciliti e s a n d i n str u m e nt ati o n at t h e U C Ir vi n e 

M at eri al s R e s e ar c h I n stit ut e (I M RI), w hi c h i s s u p p ort e d i n p art b y t h e N ati o n al S ci e n c e 

F o u n d ati o n t hr o u g h t h e U C Ir vi n e M at eri al s R e s e ar c h S ci e n c e a n d E n gi n e eri n g C e nt er 

( D M R- 2 0 1 1 9 6 7). T hi s w or k h a s b e e n s u p p ort e d i n p art b y t h e N ati o n al S ci e n c e 

F o u n d ati o n ( N S F) t hr o u g h t h e I nt er n ati o n al R e s e ar c h E x p eri e n c e s f or St u d e nt s (I R E S) 

pr o gr a m ( N S F- 2 1 0 7 5 3 4). 
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