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Supplementary	Figures	

	

Supplementary	Fig.	S1	|	Morphology	and	composition	of	ZIF−Co−R,	CuCoSP_no	and	CuCoSP	on	Cu	foils.	a−c,	SEM	
images	of	ZIF−Co−R	nanorods	grown	on	Cu	foil	with	different	magnification.	d−f,	SEM	images	of	CuCoSP_no	synthesized	
by	electrochemical	conversion	of	ZIF−Co−R.	g−i,	SEM	images	of	CuCoSP	obtained	from	electrochemical	redox	activation	
of	CuCoSP_no.	j−l,	The	corresponding	energy	dispersive	X−ray	spectroscopy	(EDS)	of	ZIF−Co−R	(j),	CuCoSP_no	(k)	and	
CuCoSP	(l).		
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Supplementary	Fig.	S2	|	Morphology	and	composition	of	CuCoS_no	and	CuCoS	on	Cu	foils.	a−c,	SEM	images	of	
CuCoS_no	synthesized	by	electrochemical	conversion	of	ZIF−Co−R	on	Cu	foil	without	adding	0.05	M	Na2HPO4	 in	the	
electrolytes.	d−f,	SEM	images	of	CuCoS	obtained	via	electrochemical	redox	activation	of	CuCoS_no.	g,	h,	EDS	patterns	
of	CuCoS_no	(g)	and	CuCoS	(h).		
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Supplementary	Fig.	S3	|	Nanostructure	and	element	distribution	of	CuCoSP_no.	a,	A	typical	high−resolution	SEM	
(HR−SEM)	image	of	CuCoSP_no,	showing	the	presence	of	curly	nanosheets	that	correspond	to	the	Cu/Co−based	binary	
metal	sulfides.	b−d,	A	typical	transmission	electron	microscope	(TEM)	image	and	the	corresponding	high−resolution	
TEM	(HR−TEM)	images	of	CuCoSP_no.	The	crystalline	lattices	reveal	the	coexistence	of	Co9S8	and	Cu2S	nanocrystals	
with	a	size	of	about	3−5	nm,	as	shown	in	(c).	The	blue	and	red	colors	in	(c)	are	marked	to	guide	the	eye	and	correspond	
to	Co9S8	and	Cu2S	nanocrystals,	respectively.	e,	f,	EDX	mapping	(e)	and	EDX	linear	scan	(f)	of	the	area	marked	by	the	
red	arrow	in	(e).	Scale	bar	in	(e)	is	100	nm.	g,	Selected	area	electron−diffraction	(SAED)	patterns	of	CuCoSP_no.		
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Supplementary	Fig.	S4	|	X−ray	diffraction	(XRD)	patterns	of	the	samples.	a,	ZIF−Co−R	on	carbon	paper.	b,	CuSP	on	
Cu	foil.	c,	CoSP	on	carbon	paper.	d,	CuCoSP_no	Cu	foil.	e,	CuCoSP	on	Cu	foil.	f,	CuCoSP	on	Cu	foil	after	repeating	three	
electrolysis	of	one	hour	at	−0.325	V.	All	the	samples	on	Cu	foils	show	preferential	exposure	of	the	Cu	(200)	facet,	as	
well	as	two	peaks	related	to	Cu2S.	The	latter	suggest	that	there	is	a	stable	Cu2S	phase	in	the	Cu	foil	substrate,	which	
should	be	produced	during	the	EC−MOF	process.		
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Supplementary	Fig.	S5	|	Nanostructure	and	element	distribution	of	CuCoSP.	a,	A	typical	HR−SEM	image	of	CuCoSP,	
showing	a	contour	assembled	by	hexagon−shaped	nanosheets,	a	typical	feature	of	Co−based	hydroxides.	b−d,	TEM	and	
HR−TEM	images	of	a	hexagon−shaped	nanosheet	on	CuCoSP.	The	crystalline	lattices	suggest	that	the	hexagon−shaped	
nanosheets	are	mainly	composed	of	Co(OH)2	with	few	Co3O4	nanocrystals	mainly	distributing	at	the	edge,	as	shown	in	
(c).	The	purple	colors	in	(c)	are	marked	to	guide	the	eye	and	correspond	to	the	Co3O4	nanocrystals.	e,	f,	EDX	mapping	
(e)	and	linear	scan	(f)	of	the	area	marked	by	the	red	arrow	in	(e).	Scale	bar	in	(e)	is	200	nm.	g,	SAED	patterns	of	CuCoSP.		
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Supplementary	Fig.	S6	|	Depth−profiling	X−ray	photoelectron	spectroscopies	(XPS)	of	CuCoSP_no	and	CuCoSP.	
a,	 b,	 XPS	 spectra	 of	 CuCoSP_no	 (a)	 and	 CuCoSP	 (b)	 as	 a	 function	 of	 Ar+	 etching	 time.	 c,	 XPS−determined	 atomic	
percentage−depth	profile	of	CuCoSP_no	and	CuCoSP	as	a	function	of	Ar+	etching	time.	
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Supplementary	Fig.	S7	|	Phase	separation	in	CuCoSP_no	after	electrochemical	redox	activation.	a−d,	TEM	(a),	
HR−SEM	(b),	HAADF−STEM	(c)	and	EDX	mapping	(d)	images	of	CuCoSP_no	after	redox	activation.	Scale	bar	in	(d)	is	
200	nm.	The	complete	overlapping	of	O	and	Co,	as	well	as	Cu	and	residual	S	elements,	suggest	that	the	cobalt	sulfide	
phases	are	easier	to	be	oxidized	than	the	copper	sulfide	phases	during	the	redox	activation,	leading	to	the	separation	
of	Co−based	and	Cu−based	phases,	as	well	as	the	formation	of	rich	phase	interfaces.			
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Supplementary	Fig.	S8	|	Morphology	and	composition	of	CuSP_no,	CuSP,	CoSP_no	and	CoSP.	a−c,	Typical	SEM	
images	of	a	Cu	foil	substrate	(a),	CuSP_no	(b),	and	CuSP	(c).	d−f,	Typical	SEM	images	of	Co−ZIF−R	on	carbon	papers	(d),	
CoSP_no	(e),	and	CoSP	(f).	The	insets	show	the	corresponding	SEM	images	with	higher	magnification.	g,	EDS	spectra	of	
CuSP_no	and	CuSP.	h,	EDS	spectra	of	CoSP_no	and	CoSP.		
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Supplementary	Fig.	S9	|	Linear	sweep	voltammograms	(LSV)	tests	of	CuSP,	CoSP	and	CuCoSP.	a−b,	LSV	curves	of	
CuSP,	CoSP	and	CuCoSP	in	0.1	M	KOH	(pH	13)	electrolytes	with	0.01	M	NO3−	(a)	and	without	NO3−	(b).	The	LSVs	in	(b)	
show	the	H2−evolving	activities	(HER)	of	the	catalysts	in	0.1	M	KOH.	c,	Tafel	slopes	of	the	catalysts	for	HER	in	0.1	M	
KOH.	The	LSV	curves	were	recorded	at	a	scan	rate	of	5	mV	s−1.	
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Supplementary	Fig.	S10	|	NH3,	NO2−	and	NO3−	quantification	using	UV−vis	absorption	spectroscopy.	a,	b,	UV−vis	
absorption	spectra	and	corresponding	calibration	curve	 for	 the	NH3	 assay	using	 the	 indophenol	blue	method.	c,	d,	
UV−vis	adsorption	spectra	and	corresponding	calibration	curve	for	the	NO2−	assay.	e,	f,	UV−vis	absorption	spectra	and	
corresponding	calibration	curve	for	the	NO3−	assay.		
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Supplementary	Fig.	S11	|	NH3	synthesis	performance	of	CuSP	at	a	series	of	potentials.	a,	Chronoamperometry	
curves	at	different	potentials	for	1	h	in	0.1	M	KOH	and	0.01	M	NO3−.	b,	c,	UV−vis	absorption	spectrum	of	NH3	(b)	and	
NO2−	(c)	measurements.	Note	that	to	detect	the	NH4+,	the	post−electrolysis	electrolytes	at	−0.025	V	and	−0.075	V	were	
diluted	6	times,	while	at	the	other	electrolysis	potentials,	the	electrolytes	were	diluted	30	times.	As	for	the	NO2−	tests,	
the	electrolytes	at	all	the	potentials	were	diluted	50	times.	Background	(Bg)	signals	were	recorded	using	0.1	M	KOH.	d,	
NH3	yield	rate	(YNH3)	of	CuSP	defined	by	the	geometric	area	of	electrodes.	e,	Faradaic	efficiency	(FE)	of	NH3	and	NO2−.	
Error	bars	denote	the	standard	deviations	of	YNH3	and	FE	calculated	from	three	independent	samples.	
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Supplementary	Fig.	S12	|	NH3	synthesis	performance	of	CoSP	at	a	series	of	potentials.	a,	Chronoamperometry	
curves	at	different	potentials	for	1	h	in	0.1	M	KOH	and	0.01	M	NO3−.	b,	c,	UV−vis	absorption	spectrum	of	NH3	(b)	and	
NO2−	(c)	measurements.	Note	that	to	detect	the	NH4+,	the	post−electrolysis	electrolytes	at	−0.025	V	and	−0.075	V	were	
diluted	6	times,	while	the	electrolytes	obtained	at	the	other	potentials	were	diluted	30	times.	As	for	the	NO2−	tests,	the	
electrolytes	obtained	at	all	the	potentials	were	diluted	5	times.	Background	(Bg)	signals	were	recorded	using	0.1	M	
KOH.	d,	YNH3	of	CoSP	defined	by	the	geometric	area	of	electrodes.	e,	FE	of	NH3	and	NO2−.	Error	bars	denote	the	standard	
deviations	of	YNH3	and	FE	calculated	from	three	independent	samples.	
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Supplementary	Fig.	S13	|	NH3	synthesis	performance	of	CuCoSP	at	a	series	of	potentials.	a,	Chronoamperometry	
curves	at	different	potentials	for	1	h	in	0.1	M	KOH	and	0.01	M	NO3−.	b,	c,	UV−vis	absorption	spectrum	of	NH3	(b)	and	
NO2−	(c)	measurements.	Note	that	to	detect	the	NH4+,	the	post−electrolysis	electrolytes	at	0.025	V	and	−0.025	V	were	
diluted	6	times,	while	the	electrolytes	obtained	at	the	other	electrolysis	potentials	were	diluted	30	times.	As	for	the	
NO2−	 tests,	 the	electrolytes	obtained	at	all	 the	electrolysis	potentials	were	diluted	5	times.	Background	(Bg)	signals	
were	recorded	using	0.1	M	KOH.	d,	YNH3	yield	rate	of	CuCoSP	defined	by	the	geometric	area	of	electrodes.	e,	FE	of	NH3	
and	NO2−.	Error	bars	denote	the	standard	deviations	of	YNH3	and	FE	calculated	from	three	independent	samples.	
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Supplementary	Fig.	S14	|	Activity	of	pure	Cu	foil	and	carbon	paper	for	the	NO3RR.	a,	Comparison	of	LSVs	recorded	
on	CuSP	and	Cu	foil	in	0.1	M	KOH	in	presence	and	absence	of	0.01	M	NO3−.	b,	Chronoamperometry	for	1	h	of	a	Cu	foil	at	
different	potentials	 in	0.1	M	KOH	and	0.01	M	NO3−.	c,	FE	of	NH3	and	NO2−	 for	Cu	foil	after	one−hour	electrolysis	at	
different	potentials.	d,	LSVs	of	carbon	paper	in	0.1	M	KOH	with	0.01	M	NO3−,	NO2−,	or	in	0.1	M	KOH.	LSVs	in	(a)	and	(d)	
were	recorded	at	a	scan	rate	of	5	mV	s−1.		

The	pure	Cu	foil	has	a	smooth	surface	and	shows	a	low	electrochemical	capacitance	(0.126	mF	cm−2)	(supplementary	
Fig.	S8a	and	S17).	The	Cu	foil	shows	almost	the	same	features	of	LSV	curves	for	the	NO3RR	as	the	CuSP	catalysts,	except	
for	lower	current	densities.	However,	the	Cu	foil	exhibits	a	stable	NO3RR	activity	only	at	a	potential	of	−0.525	V,	which	
is	the	same	as	for	the	CuSP.	At	potentials	>−0.425	V	(vs	RHE),	the	NO3RR	activity	of	the	Cu	foil	deactivated	much	more	
rapidly	than	that	of	the	CuSP	catalyst.	The	final	activity	(indicated	by	the	current	density)	of	the	Cu	foil	after	one−hour	
electrolysis	is	only	5−10%	of	that	of	the	CuSP	activity.	This	result	can	be	partially	explained	by	the	~17	times	smaller	
ECSA	of	the	Cu	foil	compared	to	the	CuSP	catalysts	(supplementary	Fig.	S17).	However,	as	shown	in	supplementary	
Fig.	S14c	the	Cu	foil	shows	an	over	100%	FE	for	NO3RR	at	−0.025	V	(146	%)	and	−0.125	V	(137	%),	with	the	NO2−	as	
the	sole	or	main	product,	respectively.	This	result	suggests	that	there	is	a	chemical	pathway	for	NO2−	formation	during	
electrolysis;	i.e.,	NO3−	is	first	electrochemically	reduced	to	NO2	(one	electron	transfer),	and	then	the	highly	oxidative	
NO2	species	are	chemically	reduced	to	NO2−	by	metallic	Cu	(one	electron	transfer)1,	resulting	in	the	formation	of	Cu	
oxides	in	alkaline	media.	This	chemical	pathway	offers	additional	electrons	for	the	NO3RR,	thus	enabling	an	over	100%	
FE.		
The	comparison	of	the	performance	of	Cu	foil	and	CuSP	for	the	NO3RR	provides	two	important	hints:	1)	pure	metallic	
catalysts	may	play	a	 role	of	 chemical	 reducing	reagents	 for	promoting	 the	NO3RR,	especially	at	 low	overpotentials	
where	NO2	will	be	easily	produced1,	2)	the	presence	of	CuOx	phases	in	CuSP	can	help	to	accelerating	the	direct	reduction	
of	NO3−	to	NO2−	and	in	turn	decease	the	formation	of	oxidative	NO2	species,	as	supported	by	the	FE	of	CuSP	for	the	
NO3RR	(supplementary	Fig.	S11).	
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Supplementary	Fig.	S15	|	Electrocatalytic	tests	of	CuCoSP	in	different	concentrations	of	NO3−.	a,	LSVs	of	CuCoSP	
in	0.1	M	KOH	containing	different	concentrations	of	NO3−	at	a	scan	rate	of	5	mV	s−1.	b,	Plots	of	the	total	current	densities	
(defined	by	the	geometric	area	of	CuCoSP	electrodes)	at	−0.175	V	(vs.	RHE)	against	the	NO3−	concentrations	([NO3−]).	
The	NO3−	reduction	over	CuCoSP	follows	a	first	reaction	order	with	respect	to	[NO3−].	c,	Chronoamperometry	curves	of	
CuCoSP	under	different	[NO3−]	at	−0.175	V	(vs.	RHE).	d,	The	turnover	numbers	(TON)	of	nitrate	on	CuCoSP,	defined	by	
the	ratio	of	the	formed	NH3	concentration	[NH3]	to	the	converted	NO3−	concentration	[NO3−],	which	were	estimated	
after	one−hour	electrolysis	at	−0.175	V	in	electrolytes	containing	different	[NO3−].	Note	that	the	TON	values	decrease	
down	 to	~0.8	at	 [NO3−]	>20	mM,	 indicating	 that	high	 [NO3−]	modulate	 the	pathways	of	NO3−	 reduction	on	CuCoSP	
electrocatalysts,	resulting	in	the	formation	of	gaseous	by−products	(i.e.	N2	and	NOx).	
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Supplementary	Fig.	S16	|	15NH4+	detection	and	14NH4+	quantification	by	1H	NMR	spectra.	a,	1H	NMR	spectra	of	
14NH4+	ions	with	different	concentrations.	Maleic	acid	with	a	constant	concentration	was	used	as	an	external	standard	
with	a	proton	signal	at	d	=	6.25	ppm.	b,	Calibration	curve	for	14NH4+	detection	using	1H	NMR,	where	14NH4+	peak	area	
integrals	were	normalized	to	that	of	maleic	acid.	The	normalized	peak	area	integral	of	14NH4+	is	positively	correlated	to	
the	concentrations	of	14NH4+	[14NH4+].	c,	1H	NMR	spectra	of	the	electrolytes	after	electrocatalysis	using	0.01	M	15NO3−	
or	0.01	M	14NO3−	in	0.1	M	KOH	as	nitrogen	source.	1H	NMR	of	the	fresh	electrolytes	without	going	through	electrolysis	
(marked	as	15NO3−	and	14NO3−)	were	provided	as	controls,	showing	no	background	signals	of	ammonia.	d,	Comparison	
of	the	ammonia	yield	rate	over	CuCoSP	quantified	by	the	UV−Vis	spectra	and	1H	NMR.	The	electrolysis	was	carried	out	
at	−0.175	V	(vs.	RHE)	for	one	hour	in	0.1	M	KOH	with	and	without	0.01	M	14NO3−.		
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Supplementary	Fig.	S17	|	Cyclic	voltammograms	(CV)	for	the	determination	of	the	double−layer	capacitance	of	
different	samples	in	Ar−saturated	0.1	M	KOH.	a,	Cu	foil,	b,	CuSP.	c,	CoSP.	d,	CuCoS.	e,	CuCoSP.	f,	Metallic	CuCo	hybrids.	
g,	Plots	of	the	current	densities	against	CV	scan	rates.	The	slope	is	correlated	with	the	electrochemical	double−layer	
capacitance	per	geometric	area	of	the	electrode	and	shows	also	a	correlation	to	the	electrochemical	surface	area	(ECSA).	
h,	A	table	of	the	double−layer	capacitance	derived	ECSA,	where	the	ECSA	of	a	smooth	Cu	foil	is	defined	to	be	1	cm2	and	
the	ECSA	of	the	other	samples	is	derived	from	their	double−layer	capacitance	per	geometric	electrode	area.	
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Supplementary	Fig.	S18	|	Stability	tests	of	CuCoSP	for	ammonia	synthesis	carried	out	via	repeating	one−hour	
electrolysis	for	ten	times	at	−0.175	V	(vs.	RHE).	a,	Chronoamperometry	curves	of	CuCoSP	at	different	time	periods.	
b,	Faradaic	efficiency	and	NH3	yield	rate	summed	by	ten	independent	one−hour	tests	at	−0.175	V.	c,	SEM	images	of	
CuCoSP	after	the	stability	tests.	d,	EDS	patterns	of	CuCoSP	after	the	stability	tests.		

	

	

Supplementary	Fig.	S19	|	Ammonia	volatilization	in	the	0.1	M	KOH	(pH	13)	with	time.	a,	Photograph	of	the	H−type	
cell	used	in	this	study.	b,	Change	of	ammonia	concentrations	with	time.	The	solution	is	in	the	H−type	cell	under	stirring	
(300	rpm)	and	Ar	flow	(10	ml	min−1).	The	initial	concentrations	of	ammonia	at	t	=	0	([NH3]0)	are	2.7	mM	and	8	mM,	
which	correspond	to	the	ammonia	yield	on	CuCoSP	after	1	h	electrolysis	in	0.01	M	and	0.1	M	nitrate,	respectively.	The	
concentration	of	ammonia	at	t	=	1−6	h	is	marked	as	[NH3]t.		
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Supplementary	Fig.	S20	|	LSVs	of	the	catalysts	recorded	at	a	scan	rate	of	1	mV	s−1.	a,	in	0.1	M	KOH	and	0.01	M	NO3−.	
b,	in	0.1	M	KOH	and	0.01	M	NO2−.	The	potentials	at	−1	mA	cm−2	(a	low	current	density	with	negligible	mass	transferring	
effects)	were	marked	and	used	to	compare	the	activities	of	the	catalysts.		

	

	

Supplementary	Fig.	S21	|	Concentration−evolving	profiles	of	NO3−	and	NO2−	ions	at	−0.175	V	vs.	RHE.	a−c,	in	0.1	
M	KOH	and	0.01	M	NO3−	using	CuSP	(a),	CoSP	(b),	and	CuCoSP	(c)	as	catalysts.	The	corresponding	reduction	products	
(NH3	and	NO2−)	at	different	electrolysis	time	were	detected	and	marked.	d−f,	in	0.1	M	KOH	and	0.01	M	NO2−	ions	using	
CuSP	(d),	CoS	(e)P,	and	CuCoSP	(f)	as	catalysts.	The	generated	NH3	 at	different	electrolysis	 time	was	detected	and	
marked.		

As	shown	in	(a),	CuSP	gradually	deactivated	during	the	NO3−	electrolysis,	as	supported	by	the	chronoamperometry	
curves	in	supplementary	Fig.	S11.	In	contrast,	as	shown	in	(d),	CuSP	completely	lost	its	activity	for	NO2−	reduction	in	
30	min.	This	finding	indicates	the	dominant	impact	of	NO2−−reducing	intermediates	(e.g.,	*NO)	on	the	poisoning	of	CuSP,	
rather	than	that	of	the	potential−dependent	adsorbed	hydrogen2,	due	to	the	same	potential	applied	for	NO3−	and	NO2−	
electrolysis.	
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Supplementary	Fig.	22	 |	Comparison	of	the	LSVs	of	the	control	samples	and	CuCoSP	in	0.1	M	KOH	with	and	
without	0.01	M	NO3−.	a,	c,	e,	Typical	LSVs	of	the	catalysts	in	0.1	M	KOH	and	0.01	M	NO3−	and	b,	d,	f,	the	corresponding	
LSV	curves	recorded	in	0.1	M	KOH.	The	LSVs	were	recorded	at	a	scan	rate	of	5	mV	s−1.	

In	(a)	and	(b),	the	CuCoSP−0.5h	catalyst	with	a	lower	loading	of	Co−based	phases	on	Cu	foil	substrate	partly	retains	the	
catalytic	features	of	CuSP	for	nitrate	reduction	but	shows	a	remarkable	enhancement	of	H2−evolution	reduction	(HER)	
activity.	Comparatively,	in	the	presence	of	0.01	M	NO3−	(c),	the	CuCoSP−4h	catalyst	with	a	higher	loading	of	Co−based	
phases	shows	a	more	negative	potential	than	CuCoSP	in	the	low−current	region	and	much	more	positive	potential	in	
the	 high−current	 region.	 The	 former	 indicates	 that	 the	 high	 loading	 of	 Co−based	 phases	 blocks	 the	 active	 sites	 of	
Cu−based	phases,	while	the	latter	corresponds	to	the	improved	HER	activities	of	CuCoSP−4h,	which	are	close	to	those	
of	CoSP,	as	shown	in	(d).	In	(e)	and	(f),	the	CuCoSP_no	catalyst	shows	a	poorer	activity	for	NO3−	reduction	compared	to	
CuCoSP,	suggesting	that	the	anionic	ligands	(S2−	and	PO43−)	did	not	play	a	dominant	role	in	the	NO3−	reduction	processes.	
In	(e),	although	the	CuCoS	shows	a	little	lower	activity	than	the	CuCoSP,	the	CuCoS	and	CuCoSP	have	almost	the	same	
selectivity	and	FE	for	NH3	production,	as	shown	in	supplementary	Fig.	S11	and	Fig.	S19.	Thus,	the	difference	between	
CuCoS	and	CuCoSP	in	their	activity	should	be	from	their	different	morphology.	The	nanorod	morphology	of	CuCoSP	
contributes	to	achieving	a	higher	activity	for	nitrate	reduction.	
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Supplementary	Fig.	S23	|	NH3	synthesis	performance	of	CuCoS	at	a	series	of	potentials.	a,	Chronoamperometry	
measurements	at	different	potentials	for	1	h	in	0.1	M	KOH	and	0.01	M	NO3−.	b,	c,	UV−vis	absorption	spectra	of	NH3	(b)	
and	NO2−	(c)	measurements.	Note	that	to	detect	the	NH4+,	the	post−electrolysis	electrolytes	at	0.025	V	and	−0.025	V	
were	diluted	6	times,	while	the	electrolytes	obtained	at	the	other	electrolysis	potentials	were	diluted	30	times.	As	for	
the	NO2−	tests,	the	electrolytes	obtained	at	all	the	electrolysis	potentials	were	diluted	5	times.	Background	(Bg)	signals	
were	recorded	using	0.1	M	KOH.	d,	YNH3	of	CuCoS	defined	by	the	geometric	area	of	electrodes.	e,	FE	of	NH3	and	NO2−.		
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Supplementary	Fig.	S24	|	Characterizations	of	CuCoSP	catalysts	after	repeating	three	electrolysis	of	one	hour	
at	−0.325	V	(vs.	RHE)	in	0.1	M	KOH	and	0.01	M	NO3−.	a,	b,	A	typical	SEM	image	(a)	and	corresponding	EDS	patterns	
(b).	c,	d,	A	typical	high−resolution	SEM	image	(c)	and	corresponding	TEM	image	(d).	e,	f,	High−resolution	TEM	images	
of	 the	 marked	 region	 in	 (d)	 and	 (e).	 g−i,	 Typical	 TEM	 and	 HR−TEM	 images	 of	 the	 nanorod	 morphology.	 j,	 The	
corresponding	high−angle	annular	dark−field	(HAADF)	TEM	and	EDS	elemental	mapping	images.		

The	 high−resolution	 SEM	 images,	 TEM	 images,	 and	 EDX	 mapping	 reveal	 that	 the	 Co−based	 phases	 are	 mainly	
distributed	on	the	hexagon−shaped	nanosheets,	while	the	Cu−based	phases	mainly	exist	in	the	form	of	nanorods.	This	
result	suggests	that	continuous	electrolysis	indeed	promotes	the	separation	of	Cu−based	phases	and	Co−based	phases	
in	CuCoSP	catalysts,	rather	than	the	formation	of	a	bulk	Cu−Co	alloy	catalyst	(even	if	the	electrolysis	potential	 is	at	
−0.325V).	This	phase−separation	effect	contributes	to	the	formation	of	a	tandem	catalysis	system.		
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Supplementary	Fig.	S25	|	Characterizations	and	NO3RR	activity	of	metallic	CuCo	hybrid	catalysts.	a,	SEM	images	
of	CuCo	hybrids.	b,	EDX	patterns.	c,	XRD	patterns.	d,	e,	LSV	curves	of	CuCo	hybrids	in	0.1	M	KOH	(d)	and	0.1	M	KOH	
containing	0.01	M	NO3−	(e),	which	were	recorded	at	a	scan	rate	of	5	mV	s−1.	f,	g,	LSV	curves	recorded	at	a	scan	rate	of	1	
mV	s−1	(f)	and	the	derived	Tafel	slopes	(g).	h,	i,	Chronoamperometry	curves	(h)	and	the	corresponding	FE	and	YNH3	at	
the	tested	potentials(i).		
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Supplementary	Fig.	S26	|	Characterizations	of	Cu_Co(OH)2	model	catalysts.	a,	Typical	SEM	images	of	a	Cu_ZIF(Co)	
precursor.	b,	EDX	mapping	of	Cu,	Co,	and	O	in	the	Cu_ZIF(Co)	precursor.	c,	Typical	SEM	images	of	the	Cu_Co(OH)2	model	
catalyst.	d,	EDX	mapping	of	Cu,	Co,	and	O	in	the	Cu_Co(OH)2	model	catalyst.	e,	Typical	SEM	image	at	the	border	between	
the	Cu	and	Co(OH)2	layers.	f,	XRD	patterns	of	the	Cu_Co(OH)2	model	catalyst.		

SEM	images,	EDX	mapping	and	XRD	patterns	confirm	that	the	Cu_Co(OH)2	model	catalyst	consists	of	an	isolated	Cu	
layer	and	a	Co(OH)2	layer,	as	well	as	a	well−defined	border	between	the	two	layers,	which	can	be	used	to	simulate	the	
roles	of	CuSP,	CoSP,	and	CuCoSP,	respectively.	Note	that	a	porous	and	rough	Cu	foil	(prepared	by	HCl−etching	CuSP	as	
described	 in	 the	 experimental	 section)	was	 used	 as	 the	 substrate	 for	 growth	 of	 ZIF(Co)	MOF	 precursors	 and	 the	
preparation	of	Cu_Co(OH)2	model	catalyst,	which	is	mainly	due	to	the	fast	deactivation	of	the	smooth	Cu	foil	during	the	
NO3RR	as	shown	in	supplementary	Fig.	S14.	Thus,	a	porous	and	rough	Cu	substrate	with	relatively	higher	activity	and	
stability	 for	 NO3RR	 was	 obtained	 which	 is	 more	 suitable	 for	 performing	 the	 subsequent	 SECM	 experiments	 and	
recording	the	activity	map	of	NO2−	and	NH3	formation.		
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Supplementary	Fig.	S27	|	Electrochemical	response	of	a	Pt−ultramicroelectrode	(Pt−UME).	a,	CVs	of	Pt−UME	in	
Ar−saturated	0.1	M	KOH	in	presence	and	absence	of	10	mM	NO2−.	b,	CVs	of	Pt−UME	in	Ar−saturated	0.1	M	KOH	in	
presence	and	absence	of	10	mM	NH4Cl.	c,	CVs	of	Pt−UME	in	Ar−saturated	0.1	M	KOH	in	presence	and	absence	of	10	mM	
NO3−.	d−f,	Typical	CVs	of	a	Pt−UME	recorded	in	the	shear−force	interaction	region,	where	the	Pt−UME	is	positioned	
<500	nm	away	from	the	surface	of	the	Cu_Co(OH)2	catalyst.	When	a	potential	of	−0.12	V	(vs.	RHE)	is	applied	at	the	
Cu_Co(OH)2	catalyst	in	50	mM	NO3−	at	pH	13,	the	situation	is	marked	‘ON’;	when	no	potential	is	applied,	it	is	marked	
‘OFF’.		

To	map	 the	 local	 in−situ	 generated	 concentration	 of	 NO2−	 and	 NH3	 above	 the	 surface	 of	 the	 Cu_Co(OH)2	 catalyst	
(polarized	at	−0.12	V),	the	Pt−UME	scans	from	the	side	of	Cu	layer	to	the	side	of	Co(OH)2	layer.	The	initial	position	of	
the	Pt−UME	above	the	Cu	layer	is	marked	as	X	(0	µm),	Y	(0	µm);	the	position	of	the	border	between	the	Cu	layer	and	
Co(OH)2	layer	is	at	about	X	(600	µm),	Y	(0	µm);	the	final	position	above	the	Co(OH)2	layer	is	marked	as	X	(1200	µm),	Y	
(0	µm).	The	black	point,	green	points,	and	purple	points	marked	 in	(d−f)	correspond	to	 the	selected	potentials	 for	
identifying	NH3	oxidation	(at	0.76	V	vs	RHE)	and	NO2−	reduction	(at	0.06	V	vs.	RHE).	The	current	at	the	corresponding	
potentials	is	used	to	derive	the	local	concentrations	of	NH3	and	NO2−	generated	on	the	Cu_Co(OH)2	catalyst	polarized	
at	−0.12	V	(vs	RHE)	in	50	mM	NO3−	at	pH	13.	Note	that	the	profile	of	CVs	of	the	Pt−UME	in	the	shear−force	interaction	
region	(d−f)	is	slightly	different	from	those	in	the	bulk	of	the	electrolyte	solution	(a−c).	This	should	be	attributed	to	the	
impact	of	the	microenvironment	above	the	surface,	e.g.	the	local	pH	value,	adsorption	of	N−containing	intermediates,	
or	mass	transport	limitations,	in	the	shear−force	interaction	region	(<500	nm	away	from	the	surface	of	Cu_Co(OH)2).	
However,	this	does	not	compromise	the	identification	of	the	NO2−	reduction	and	NH3	oxidation	signals.	
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Supplementary	 Fig.	 S28	 |	 XPS	 spectra	 analysis	 of	 CuSP_no,	 CuSP,	 CoSP_no,	 CoSP,	 CuCoSP_no,	 CuCoSP	 and	
CuCoSP_10h	(CuCoSP	after	stability	tests	for	10	h).	a,	Cu	LMM	spectra	and	the	fitted	peaks.	b,	Co	2p3/2	core−level	
spectra	and	the	fitted	peaks.	c,	O	1s	core−level	XPS	spectra	and	the	fitted	peaks.	d,	P	2p	core−level	spectra.	e,	S	2p	
core−level	spectra.	f,	Correlation	of	the	Tafel	slopes	and	the	percentage	of	O	vacancy	for	CoSP,	CuCoSP,	and	CuSP.	The	
results	suggest	that	the	initial	Cu	and	Co	metal	sulfides	(in	CuSP_no,	CoSP_no	and	CuCoSP_no)	were	heavily	oxidized	
and	 converted	 into	 corresponding	 Co/Cu−based	 oxides	 and	 hydroxides	 (in	 CuSP,	 CoSP	 and	 CuCoSP)	 after	 the	
electrochemical	redox	activation.	
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Supplementary	Fig.	S29	|	Ex−situ	Raman	analysis.	Ex−situ	Raman	spectra	of	CuSP_no,	CoSP_no	and	CuCoSP_no,	as	
well	as	their	corresponding	products	(CuSP,	CoSP	and	CuCoSP)	after	the	electrochemical	redox	activation.		
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Supplementary	Fig.	S30	|	In−situ	Raman	spectra	of	the	catalysts	in	0.01	M	KOH	and	0.45	M	K2SO4	at	a	series	of	
applied	potentials.	a,	CuSP.	b,	CoSP.	c,	CuCoSP.	The	Raman	spectra	were	recorded	after	applying	a	constant	potential	
for	10	min.		
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Supplementary	Notes	

Supplementary	 Note	 1	 |	 Assignment	 of	 XPS	 peaks.	 Cu	 LMM	 XPS	 spectra	 (supplementary	Fig.	 S28a)	 show	 the	
presence	of	multiple	Cu−based	phases,	including	Cu0	(~567.3	eV)	and	(~565.5	eV),	CuO	(568.4	eV),	Cu2S	(569.4	eV),	

Cu2O	(569.9	eV),	Cu(OH)2	(570.9	eV),	and	transition	state	peaks	of	LMM	spectra	(~573.3	eV)	and	~577.5	eV)	on	the	

surface	of	CuSP_no	and	CuCoSP_no3−5,	due	to	the	surface	oxidation	of	the	two	samples	in	Air.	After	redox	activation,	the	

signal	of	surface	Cu2S	phase	disappeared,	accompanied	by	the	increase	of	the	signals	associated	with	Cu−based	oxide	

and	hydroxide	phases.	Compared	to	CuSP,	the	CuCoSP	catalyst	shows	a	~1.4	times	higher	content	of	Cu(OH)2	phase,	

implying	that	the	relative	ratio	of	Cu−based	phases	in	CuCoSP	is	probably	impacted	by	the	coexistent	Co−based	phases.	

Remarkably,	 metallic	 Cu0	 exists	 in	 both	 CuSP	 and	 CuCoSP	 after	 the	 redox	 activation,	 contributing	 to	 the	 in−situ	

formation	of	a	Cu/CuOx	active	phase	for	NO3−−to−NO2−	conversion	at	a	series	of	applied	potentials.	

Co	2p3/2 XPS	spectra	in	supplementary	Fig.	S28b	show	features	characteristic	of	Co3+	(778.3	eV)	and	Co2+	(779.6	eV)	of	

CoSx	phase	and	a	Co(OH)2	phase	(782.1	eV)	in	both	CoSP_no	and	CuCoSP_no6,7.	This	result,	togethering	with	that	shown	

in	supplementary	Fig.	S28a,	suggest	that	the	initial	CuCoSP_no	precursor	is	mainly	composed	of	Cu−Co	binary	metal	

sulfides,	as	further	supported	by	the	EDX	spectra	in	supplementary	Fig.	S1	and	HR−TEM	images	and	SAED	patterns	in	

Fig.	1,	supplementary	Fig.	S3	and	Fig.	S4.	After	redox	activation,	the	CoSx	phases	in	CoSP_no	and	CuCoSP_no	precursors	

were	heavily	oxidized	and	converted	to	Co−based	oxide	(Co3+	of	CoOx	at	779.4	eV	and	Co2+	of	CoOx	at	780.15	eV)	and	

hydroxide	(782.1	eV)	phase7−10.	Remarkably,	the	content	of	Co3+−based	phase	in	CuCoSP	is	~4−fold	lower	than	that	in	

CoSP.	Considering	that	the	Co2+−based	phases	are	identified	as	the	active	phase	for	NO2−	reduction	to	NH3,	the	lower	

content	of	Co3+−bases	phases	in	CuCoSP	indicates	that	the	active	Co2+−based	phases	in	CuCoSP	might	be	stabilized	by	

the	coexistent	Cu−bases	phases,	which	is	critical	for	the	observed	high	activity	and	selectivity	of	CuCoSP	catalysts	for	

tandem	nitrate	reduction.		

According	 to	 the	previous	 reports11,	 as	 shown	 in	O	1s	 spectra	 (supplementary	Fig.	 S28c),	 the	oxygen	 species	 at	 a	

binding	energy	lower	than	530.6	eV	is	assigned	to	the	O2−	in	metal	oxides,	while	the	XPS	peak	at	~531	eV	is	from	metal	

hydroxides.	 The	 XPS	 peak	 at	 ~531.7	 eV	 is	 related	 to	 the	 O	 vacancies12,13,	 which	 allows	 compensation	 for	 some	

deficiencies	in	the	subsurface	of	transition	metal	oxides.	This	oxygen	vacancy	species	was	previously	described	as	“O−”	

species	due	to	its	high	covalence	bonding	to	the	transition	metal.		

In	P	2p	spectra	(supplementary	Fig.	S28d),	the	XPS	peak	at	~133.3	eV	is	from	phosphate	(PO43−)	ions14.	In	particular,	

there	is	no	detectable	PO43−	ions	on	CuSP	and	CuCoSP,	suggesting	that	the	PO43−	ligands	in	CuSP_no	and	CuCoSP_no	was	

desorbed	after	the	redox	activation.	In	supplementary	Fig.	S28e,	the	S	2p	spectra	reveal	the	presence	of	S2−	(S2−	2p3/2 at	

~161.7	eV	and	S2−	2p1/2 at	~162.7	eV)	and	S22−	species	(~163.5	eV)	in	CuSP_no,	CoSP_no,	and	CuCoSP_no6,7.	The	signals	

of	these	S	species	are	sharply	attenuated	after	the	electrochemical	redox	activation,	concomitant	with	an	emergence	of	

SO42−	signals	(at	~168.2	eV)7.		
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Supplementary	Note	2	|	Assignment	of	Raman	peaks.	According	to	the	previous	reports,	the	Raman	spectra	of	the	

synthesized	samples	(supplementary	Fig.	S29)	were	carefully	identified.	As	for	CuSP_no,	the	Raman	peak	at	293	cm−1	

is	assigned	to	the	CuSx	phase6,	while	that	at	336	cm−1	is	related	to	CuO15,16.	A	set	of	Raman	peaks	at	417,	523	and	628	

cm−1	is	a	typical	feature	of	Cu2O15,16.	

As	for	CoSP_no	and	CoSP,	the	Raman	peaks	at	~285	and	~337	cm−1	were	previously	assigned	to	the	Eg	and	Tg	modes	of	

CoSx6,17,18,	while	the	Raman	peaks	at	503	cm−1	and	690	cm−1	correspond	to	the	strongest	Raman	signals	of	CoOOH	and	

Co3O4,	respectively8.	Besides,	both	CoOOH	and	Co(OH)2	show	characteristic	board	peaks	at	~574	cm−1	and	~630	cm−1	

19−21.	The	Raman	peak	of	CoO	at	~530	cm−1	could	not	be	directly	identified	in	the	Raman	spectra	of	CoSP_no	and	CoSP	

due	to	the	overlap	of	the	peaks22.		

The	CuCoSP_no	basically	shows	the	Raman	features	of	both	CuSP_no	and	CoSP_no.	A	new	Raman	peak	emerges	at	~400	

cm−1	on	CuCoSP_no,	which	exists	between	the	Raman	signals	of	CuO	at	336	cm−1	and	Cu2O	at	417	cm−1.	Although	the	

Raman	signal	at	417	cm−1	associated	with	Cu2O	disappears	on	CuCoSP_no,	the	other	two	signals	at	523	and	628	cm−1	

are	retained.	Thus,	we	assign	the	signal	of	400	cm−1	to	a	mixed	phase	of	CuO	and	Cu2O	(CuOx).	

The	signals	associated	with	CuSx	and	CoSx	phases	are	sharply	attenuated	in	the	CuSP,	CoSP	and	CuCoSP	catalysts,	which	

further	demonstrate	the	conversion	of	metal	sulfide	phases	(in	CuSP_no,	CoSP_no	and	CuCoSP_no)	into	corresponding	

metal	oxide	and	hydroxide	phases	after	the	electrochemical	redox	activation.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	 32 

Supplementary	Tables	

Supplementary	Table	S1	|	Comparison	of	the	NH3	synthesis	activity	of	the	CuCoSP	catalyst	with	other	catalysts	
reported	 to	date	using	nitrate	as	 the	nitrogen	source	under	ambient	 conditions.	 Error	denotes	 the	 standard	
deviations	of	yield	rate	and	Faradaic	efficiency	calculation	from	three	independent	samples.		

Catalysts	 Electrolyte	 Potential	
(V	vs.	RHE)	 NH3	yield	rate	 Faradaic	

Efficiency	(%)	 Reference	

CuSP	on	Cu	foil	 0.1	M	KOH	and	
0.01	M	NO3−	 −0.175	 540.7	±	52.1	μg	h−1	

cm−2	 55.7	±	2.4	 This	work	

CoSP	on	carbon	paper	 0.1	M	KOH	and	
0.01	M	NO3−	 −0.175	 1713.0	±	225.1	

μg	h−1	cm−2	 73.2	±3.5	 This	work	

CuCoSP	on	Cu	foil	

0.1	M	KOH	and	
0.01	M	NO3−	 −0.175	 2576.6	±	8.4	μg	h−1	

cm−2	 92.8	±	1.7	 This	work	

0.1	M	KOH	and		
0.1	M	NO3−	 −0.175	 1.17	mmol	h−1	cm−2	

	or	250.41	mA	cm−2	 90.6	 This	work	

CuCoSP	on	Cu	foil	(average	
values	of	10	h	stability	tests)	

0.1	M	KOH	and		
0.01	M	NO3−	 −0.175	 2642.9	±	104.7	μg	h−1	

cm−2	 94.2	±	1.7	 This	work	

PTCDA/O−Cu	
on	carbon	cloth	

0.1	M	PBS	and	
500	ppm	NO3−	 −0.4	 436	±	85	μg	h−1	cm−2	 77	±	3	 H.	Wang	et	al.23	

Cu/Cu2O	NWAs	on	Cu	mesh	 0.5	M	Na2SO4	and	
200	ppm	NO3−	 −0.85	 0.2449	mmol	h−1	cm−2	 81	 B.	Zhang	et	al.24	

CuNi	alloy	on	Cu	foam	 1	M	KOH	and	0.1	
M	NO3−	 −0.1		

NH3	partial	current	
density		

90	mA	cm−2	
~95	 Edward	H.	

Sargent	et	al.25	

Co/CoO	NSAS	on	Ni	foam	 0.1	M	Na2SO4	and	
200	ppm	NO3−	

−1.3	V	vs.	
SCE	(~−0.64	
V	vs.	RHE)	

194.46	μmol	h−1	cm−2	 ~93.8	 B	Zhang	et	al.26	

Co3O4/Ti	 0.1	M	Na2SO4	and	
100	ppm	NO3−	 10	mA	cm−2	

NH3	partial	current	
density		
6.5	mA	cm−2	

65	 J.	Jia	et	al.27	

Strained	Ru	nanoclusters	
on	carbon	paper	

1	M	KOH	and	1	M	
NO3−	 −0.2	 1.17	mmol	h−1	cm−2	 ~100	 L.	Zhang	et	al.28	

TiO2	nanotubes	with	
oxygen	vacancies	on	Ti	foil	

0.5	M	Na2SO4	and	
50−200	ppm	
NO3−	

−1.3	V	vs.	
SCE	(~−0.94	
V	vs.	RHE)	

0.045	mmol	h−1	mg−1	 95.2	 B.	Zhang	et	al.29	

Ti	foil	 0.4	M	NO3−	at	
pH	=	~0.77	 −1.0	

NH3	partial	current	
density		

22	mA	cm−2	
82	 W.	Ma	et	al.30	

NiAlMnCoCu	alloy	on	Ni	
foam	

0.5	M	KOH	and	
0.25	M	NO3−	

−1.2	vs.	SCE	
(~−0.15	V	vs.	
RHE)	

−−−−−−−−−−	 89.4	 Q.	Liu	et	al.31	
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Supplementary	Table	S2	|	Reaction	kinetic	parameters	of	the	CuCoSP	catalyst	and	controls	for	NO3−	and	NO2−	
reduction	under	ambient	conditions.	Error	denotes	the	standard	deviations	of	reaction	constant	calculation	from	
three	sampling	time	(15	min,	30	min	and	60	min),	as	shown	in	supplementary	Fig.	20.		

	

During	the	NO3−	electroreduction	over	CoSP	and	CuCoSP,	the	local	surface	NO2−	concentration	formed	on	CoSP	and	
CuCoSP	can	be	apparently	reflected	by	their	k1	values.	A	larger	k1	value	means	a	higher	reduction	rate	of	NO3−	to	NO2−,	
thus	corresponding	to	a	higher	local	surface	NO2−	concentration.	As	such,	the	relative	ratio	of	the	local	surface	NO2−	
concentration	on	CoSP	and	on	CuCoSP	can	be	estimated	as:	k1	(CoSP):	k1	(CuCoSP)	=	5.97:	3.87	=	1.54:	1.		
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