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  Researchers	 have	 been	 attempting	 to	 characterize	 heterogeneous	 catalysts	 in	 situ	 in	 addition	 to	
correlating	their	structures	with	their	activity	and	selectivity	in	spite	of	many	challenges.	Here,	we	
review	recent	experimental	and	theoretical	advances	regarding	alkyne	selective	hydrogenation	by	
Pd‐based	catalysts,	which	are	an	important	petrochemical	reaction.	The	catalytic	selectivity	for	the	
reaction	of	alkynes	to	alkenes	is	influenced	by	the	composition	and	structure	of	the	catalysts.	Recent	
progress	 achieved	 through	 experimental	 studies	 and	 atomic	 simulations	 has	 provided	 useful	 in‐
sights	into	the	origins	of	the	selectivity.	The	important	role	of	the	subsurface	species	(H	and	C)	was	
revealed	 by	 monitoring	 the	 catalyst	 surface	 and	 the	 related	 catalytic	 performance.	 The	 atomic	
structures	 of	 the	 Pd	 catalytic	 centers	 and	 their	 relationship	 with	 selectivity	 were	 established	
through	 atomic	 simulations.	 The	 combined	knowledge	 gained	 from	 experimental	 and	 theoretical	
studies	provides	a	fundamental	understanding	of	catalytic	mechanisms	and	reveals	a	path	toward
improved	catalyst	design.	
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1.	 	 Introduction	

As	 light	 alkenes	 are	 used	 extensively	 as	 chemical	 building	
blocks,	the	selective	hydrogenation	of	alkynes	to	alkenes	is	an	
extremely	 important	 petrochemical	 catalytic	 process	 [1–8].	
Notably,	hydrogenation	of	the	C2	alkyne	(acetylene,	CHCH)	has	
attracted	the	most	academic	interest	owing	to	its	simplicity	in	
illustrating	 hydrogenation	 selectivity	 [9–17].	 Although	 many	
hydrogenation	catalysts	can	easily	convert	acetylene	to	ethene	
(CH2CH2),	they	often	have	poor	selectivity,	which	results	in	the	
further	 hydrogenation	 of	 ethene	 to	 the	 undesired	 ethane	
(CH3CH3).	Ethene	streams	produced	by	naphtha	cracking	in	the	
petroleum	industry	typically	contain	∼1%	acetylene,	which	can	
poison	the	downstream	catalyst.	Therefore,	the	acetylene	needs	

to	 be	 removed	 or	 reduced	 to	 be	 less	 than	 the	 10–6	 level	
[9,11,18].	 This	 requires	 catalysts	 with	 high	 conversion	 and	
selectivity	 for	acetylene	hydrogenation	in	excess	ethene.	A	re‐
liable	catalyst	for	industrial	applications	should	satisfy	the	fol‐
lowing	four	requirements:	

(1)	higher	than	99%	conversion	of	acetylene	for	purification	
where	acetylene	concentrations	are	below	5	×	10–6,	

(2)	higher	than	80%	selectivity	 for	ethene	(to	 improve	the	
economic	effectiveness),	

(3)	p(C2H4):p(C2H2)	>	20	for	hydrogenation	of	acetylene	in	a	
large	excess	of	ethene,	and	

(4)	reaction	temperatures	below	100	°C	(to	reduce	the	cost).	
The	search	for	superior	heterogeneous	catalysts	 is	of	great	

significance	 to	 industry	 and	 is	 an	 extremely	 interesting	 re‐
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search	hotspot	for	those	in	academia.	
As	early	as	1945,	Sheridan	[19–22]	noted	the	high	potential	

of	Pd	to	act	as	a	catalyst	for	the	selective	hydrogenation	of	acet‐
ylene	at	low	temperatures	compared	to	that	of	Ni,	Pt,	Rh,	and	Ir.	
Later,	Frevel	et	al.	[23]	recognized	that	alloys	of	Pd	and	Ag	can	
significantly	 improve	 the	 selectivity,	 and	 Pd‐Ag	 alloys	 remain	
the	 industrial	 catalyst	 of	 choice	 to	 date	 [24–27].	 Thereafter,	
significant	 efforts	 were	 devoted	 to	 the	 search	 for	 a	 superior	
element	 to	 alloy	 with	 Pt.	 However,	 little	 progress	 has	 been	
made.	 A	 number	 of	 alloys,	 including	 Pd‐Ga	 [28–31],	 Pd‐In	
[32–34],	 Pd‐Zn	 [35–37],	 Pd‐Cu	 [38,39],	 and	 Pd‐Au	 [40–42],	
have	been	 reported	 to	exhibit	better	 selectivity	 than	 the	pure	
Pd	 catalyst.	 Although	 many	 catalysts	 exhibit	 similar	 perfor‐
mances,	none	surpass	the	Pd‐Ag	alloy.	

Along	with	ongoing	efforts	to	advance	catalyst	development,	
the	 hydrogenation	 mechanism	 has	 been	 investigated	 using	
different	experimental	techniques	and,	more	recently,	theoret‐
ical	 simulations.	 The	 fundamental	 knowledge	 gained	 in	 these	
studies	provides	a	solid	basis	for	optimizing	the	selectivity	and	
guiding	catalyst	design.	To	date,	it	has	been	established	that	the	
late	 transition	 metal	 Pd	 with	 unsaturated	 d‐band	 states	 can	
moderately	adsorb	H2	and	hydrocarbons,	which	is	the	key	to	its	
exceptional	 catalytic	 ability	 in	 hydrogenation	 reactions	
[1,7,43,44].	The	utilization	of	Pd	 to	selectively	 facilitate	acety‐
lene	 hydrogenation	 while	 inhibiting	 ethene	 hydrogenation,	
however,	 poses	 a	 much	 greater	 challenge	 and	 has	 attracted	
significant	research	interest.	A	widely	accepted	view	is	that	the	
good	selectivity	of	Pd	originates	from	subtle	differences	in	the	
adsorption	 heat	 of	 acetylene	 and	 ethene.	 The	 Pd	 surface	 en‐
sembles	promote	different	adsorption	modes	for	acetylene	and	
ethene	 and	 thus	 achieve	 high	 selectivity	 [1,9,15,44].	 Accord‐
ingly,	modern	experimental	techniques	and	theoretical	calcula‐
tions	have	been	utilized	to	detect	and	identify	the	in	situ	surface	
structures	of	catalysts	and	analyze	the	reaction	kinetics.	

This	 review	 provides	 an	 overview	 of	 the	 current	 under‐
standing	 of	 the	mechanism	 of	 acetylene	 (or	 alkyne)	 selective	
hydrogenation,	 mostly	 with	 respect	 to	 Pd	 catalysis,	 obtained	
from	 surface	 science	 studies	 and	 atomic	 simulations.	We	will	
first	 give	 a	 brief	 explanation	 of	 the	 reaction	 network	 and	
state‐of‐the‐art	 catalysts,	 and	 then	 discuss	 the	 dependence	 of	
the	hydrogenation	selectivity	on	the	catalyst	structures.	Finally,	
the	outlook	is	summarized.	

2.	 	 Reaction	network	and	selectivity	

During	 the	 manufacturing	 of	 polymer‐grade	 ethene,	 the	
ethene	stream	from	naphtha	cracking	often	mixes	with	a	small	
volume	 of	 acetylene	 (approximately	 0.5%–2.0%),	 which	 can	
subsequently	 poison	 the	 Ziegler‐Natta	 catalyst	 for	 the	 down‐
stream	polymerization	reaction.	Thus,	the	volume	of	acetylene	
in	 the	 ethene	 stream	 should	 be	 reduced	 to	 below	 5	 ×	 10–6	
[7,9,11,18].	 Pd‐Ag	 catalysts	 are	 used	 in	 industry	 to	 remove	
acetylene	 by	 selective	 hydrogenation	 to	 ethene	 [7,9,11,18],	
which	 can	 be	 performed	 under	 two	 different	 hydrogenation	
conditions,	referred	to	as	front‐end	and	tail‐end,	depending	on	
the	 position	 of	 the	 hydrogenation	 reactor	 in	 relation	 to	 the	
de‐methanizer	units.	The	former	condition	has	a	complex	feed	

gas	 composition	 containing	 10%–35%	 hydrogen,	 while	 the	
latter,	after	purification,	contains	mostly	C2	hydrocarbons	and	
only	a	limited	volume	of	hydrogen	(1%–4%)	[7,9,11,18].	

Fig.	 1	 shows	 the	 complete	 reaction	 network	 for	 acetylene	
hydrogenation	proposed	by	Vignola	et	al.	[45]	based	on	density	
functional	 theory	 (DFT)	 calculation	 results	 for	 Pd(111).	 The	
reactions	 are	 classified	 into	 different	 types	 (different	 colors),	
and	 their	 activation	 energies	 are	 indicated	 by	 the	 size	 of	 the	
arrows/lines.	As	indicated	by	the	blue	arrows,	acetylene	semi‐
hydrogenation	 closely	 follows	 the	Horiuti‐Polanyi	mechanism	
[46],	which	involves	sequential	hydrogenation	to	vinyl	(CHCH2)	
and	ethene.	However,	the	generated	ethene,	together	with	the	
inflow	 excess	 ethene	 can	 be	 subject	 to	 over‐hydrogenation,	
which	results	 in	the	undesirable	production	of	ethyl	(CH2CH3)	
and	ethane.	In	addition	to	direct	hydrogenation,	isomerization	
may	also	occur	(see	the	red	arrows),	resulting	in	asymmetric	C2	
species	 (CCH2,	 CCH3,	 and	 CHCH3),	 which	 can	 lead	 to	 the	 for‐
mation	of	 ethane.	Moreover,	 there	 is	 a	 significant	 risk	of	 cou‐
pling	 between	 two	 adjacent	 C2	 species,	 especially	 the	 easily	
adsorbed	 acetylene,	 vinylidene,	 and	 vinyl	 (oligomerization,	
indicated	by	the	green	arrows).	This	process	results	in	the	for‐
mation	 of	 C4	 and	 even	 higher	 hydrocarbons	 (the	 so‐called	
green	 oil),	which	 can	 eventually	 block	 the	 Pd	 sites	 and	 cause	
catalyst	 deactivation	 [10,47].	 In	 summary,	 both	
over‐hydrogenation	 and	 oligomerization	 can	 compete	 with	
acetylene	semihydrogenation,	leading	to	poor	selectivity.	

The	 rate	 of	 over‐hydrogenation	 and	 oligomerization	 de‐
pends	largely	on	the	H2	partial	pressure	in	the	feed	gas,	which	
differs	 significantly	 depending	 on	 the	 condition	 (front‐end	 or	
tail‐end).	Catalysis	experiments	have	shown	that	C–C	coupling	
can	only	occur	in	the	presence	of	H2	[48,49].	The	formation	of	
green	oil	 increases	with	the	H2:C2H2	ratio	at	 low	H2	pressures	
(<	 0.1	 atm)	 [50],	 and	 then	 decreases	 at	 higher	 H2	 pressures	
[49,51].	 It	 is	generally	accepted	that,	although	the	adsorbed	H	
participates	in	C–C	coupling	[45,52],	it	also	inhibits	the	coupling	
at	high	H	coverage	by	isolating	the	adsorbed	C2	species.	There‐

Fig.	 1.	 Reaction	 network	 for	 acetylene	 hydrogenation.	 Blue	 arrows	
indicate	the	direct	hydrogenation	of	acetylene	and	ethene,	red	arrows	
indicate	 isomerization	 to	 the	 asymmetric	 C2	 species,	 while	 the	 green	
arrows	indicate	oligomerization	to	 the	C4	species.	Arrows	and	lines	of	
different	sizes	represent	the	different	activation	energies	 for	the	reac‐
tions	(Ea	<	1.5	eV	for	bold	arrow,	1.5	eV	<	Ea	<	2	eV	for	medium	arrow,	
and	Ea	>	2	eV	for	thin	arrow).	Reproduced	with	permission	[45].	Copy‐
right	2018,	American	Chemical	Society.	
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fore,	under	the	H2	rich	front‐end	conditions,	oligomerization	is	
limited	 and	 over‐hydrogenation	 is	 severe,	 while	 the	 opposite	
occurs	during	the	tail‐end	process	[18].	

3.	 	 Modifiers	to	improve	selectivity	

3.1.	 	 Carbon	monoxide	as	an	additive	

Because	of	the	fierce	competition	from	over‐hydrogenation	
and	oligomerization,	the	presence	of	modifiers	is	imperative	to	
improve	the	catalytic	selectivity.	A	widely	used	approach	is	the	
addition	of	a	small	volume	of	carbon	monoxide	to	the	feed	gas	
[10,12,53–55].	 Fig.	 2,	 from	a	 study	by	García‐Mota	et	al.	 [54],	
illustrates	 the	 effect	 of	 CO	on	 the	 selectivity	 for	 acetylene	hy‐
drogenation.	 With	 an	 increase	 in	 p(CO),	 the	
over‐hydrogenation	 sharply	 reduces	 and	 completely	 stops	
when	p(CO):p(H2)	>	0.05.	Simultaneously,	however,	oligomeri‐
zation	increases	and	the	acetylene	conversion	decreases,	both	
of	which	are	undesirable.	Therefore,	the	CO	content	should	be	
carefully	regulated	to	allow	a	compromise	between	the	conver‐
sion	and	selectivity.	

It	is	likely	that	CO	can	adsorb	competitively	with	ethene	[56]	
and	H	[57],	and	can	poison	the	active	Pd	sites.	In	this	case,	the	
hydrogenation	of	both	acetylene	and	ethene	is	inhibited,	espe‐
cially	the	 latter,	because	of	 its	weaker	adsorption.	 In	addition,	
the	adsorbed	CO	reduces	 the	number	of	available	Pd	sites	 for	
the	 formation	of	 vinylidene,	which	has	 been	 demonstrated	 to	
be	a	precursor	of	ethane	in	a	labelling	study	[58].	However,	the	
introduction	of	CO	can	also	lead	to	the	insertion	of	CO	into	the	
oligomers	 to	 form	 carboxylic	 acids,	 thus	 increasing	 the	 oli‐
gomerization,	 as	 revealed	 by	 infrared	 and	 nuclear	 magnetic	
resonance	analyses	[59].	

3.2.	 	 Promoters	and	state‐of‐the‐art	catalysts	

Another	strategy	to	improve	the	selectivity	is	the	proper	in‐
corporation	of	the	promoting	components	in	the	catalyst.	Many	
Pd	alloys	have	been	proven	to	have	better	selectivity	than	pure	
Pd	 (Table	 1).	 The	 benefits	 of	 alloying	 are	 predominantly	 at‐

tributed	 to	 three	 factors:	 (1)	 the	 promoters	 can	 block	
over‐active	 Pd	 sites	 to	 prevent	 unwanted	 ethene	 hydrogena‐
tion	 [10,12,13],	 (2)	 the	alloying	prevents	 the	 formation	of	 the	
β‐PdH	phase,	which	has	poor	ethene	selectivity	 [7,10,11],	and	
(3)	ethene	hydrogenation	and	oligomerization	are	believed	 to	
occur	 on	 large	 Pd	 ensembles	 (involving	 many	 Pd	 sites),	 and	
thus	 are	 inhibited	 on	 alloy	 surfaces	 where	 Pd	 sites	 are	 dis‐
persed	[12].	

Table	1	lists	the	state‐of‐the‐art	catalysts	reported	in	recent	
years	 for	 selective	 acetylene	 hydrogenation.	 As	 shown,	 tradi‐
tional	alloy	catalysts	are	still	the	most	popular	option.	Notably,	
only	 a	 few	 catalysts	 satisfy	 the	 low‐temperature	 criterion	 (4)	
described	 in	 the	 Introduction,	 and	 all	 of	 them	 are	 Pd‐based	
catalysts.	 This	 explains	 why	 Pd,	 despite	 its	 high	 cost,	 is	 pre‐
ferred	over	 Cu	 [3,60,61]	 and	Au	 [62–64],	 both	 of	which	have	
high	selectivity	but	are	only	functional	at	high	temperatures	(>	
150	°C,	Table	1).	

4.	 	 Insights	into	selectivity	from	surface	chemistry	

In	this	section,	we	provide	an	overview	of	the	key	progress	
toward	an	understanding	of	the	selectivity.	Decades	of	research	
have	led	to	the	conclusion	that	the	variations	in	selectivity	dur‐
ing	 hydrogenation	 are	 caused	 by	 variations	 in	 the	 catalyst	
structure.	This	dynamic	structural	evolution	could	be	a	result	of	
the	gradual	accumulation	of	adsorbates	on	the	catalyst	surface	
or	their	penetration	into	deeper	layers	[9–11,15].	Experimental	
studies	 and	 theoretical	 simulations	 have	 been	 performed	 to	
detect	and	identify	the	catalyst	surface	structure	and	thus	pro‐
vide	insights	into	the	dependence	of	selectivity	on	the	catalyst	
structure.	

4.1.	 	 Subsurface	H	and	Pd‐H	phases	

Freund	et	al.	 [26,86–89]	performed	a	 series	of	 surface	 sci‐
ence	experiments	to	investigate	alkyne/alkene	hydrogenation.	
By	 employing	 temperature‐programmed	 desorption	 (TPD)	
under	 low‐pressure	 conditions	 (<	 10–5	 mbar),	 they	 observed	
that	 the	 hydrogenation	 of	 alkenes	 (including	 ethene	 and	 dif‐
ferent	 isomers	 of	 pentene)	 occurred	 on	 Pd/Al2O3,	 but	 not	 on	
Pd(111)	single	crystals	[87,88].	Fig.	3	shows	that	D2	produced	
more	 TPD	 desorption	 peaks	 in	 the	 temperature	 range	 of	
7327	 °C	 on	 Pd/Al2O3	 than	 on	 Pd(111),	which	 is	 consistent	
with	the	quantity	of	weakly	bound	subsurface	H.	As	the	desorp‐
tion	 temperature	 of	 subsurface	H	 coincides	with	 that	 of	 pen‐
tane	(Fig.	3(b)),	Freund	et	al.	 [88]	proposed	that	the	presence	
of	subsurface	H	is	critical	for	alkene	hydrogenation.	They	theo‐
rized	 that	more	 active	 subsurface	H	 is	 accessible	 and	 partici‐
pates	 in	alkene	hydrogenation	when	 the	Pd	nanoparticles	are	
small	(∼5	nm),	considering	that	the	presence	of	subsurface	H	in	
Pd(111)	also	exists	in	experiments	[90].	

In	accordance	with	Freund	group’s	observation,	some	other	
groups	 [11,91,92]	 reported	 that	 β‐PdH	 (H:Pd	 >	 0.6)	 has	 far	
poorer	 selectivity	 than	 α‐PdH	 (H:Pd	∼0.03)	 for	 acetylene	 hy‐
drogenation.	 For	 example,	 Fig.	 4	 shows	 experimental	 results	
reported	by	Liu	et	al.	[92]	for	a	Pd/C	catalyst,	which	reveal	that	
the	selectivity	for	acetylene	over	ethene	suddenly	decreases	at	

 
Fig.	2.	Conversion	(X)	of	acetylene	and	selectivity	(S)	for	ethene,	ethane,
and	oligomers	over	a	Pd/γ‐Al2O3	catalyst	as	a	function	of	the	CO:H2	ratio
Acetylene	hydrogenation	conditions:	p(C2H2)	=	0.025	bar,	p(H2)	=	0.125	
bar,	p(total)	=	1	bar,	T	=	75	°C,	SV	=	16800	mL	g–1	h–1.	Reproduced	with
permission	[54].	Copyright	2010,	Elsevier.	
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p(H2)	=	0.10	atm	at	the	same	time	as	the	α‐PdH	to	β‐PdH	phase	
transition	[93–95].	They	attributed	the	change	in	selectivity	to	
the	 phase	 transition,	 which	 caused	 Pd	 lattice	 expansion.	 For	
example,	X‐ray	diffraction	by	Maeland	et	al.	[96]	revealed	that,	
along	with	the	α‐PdH0.03	to	β‐PdH0.6	transformation,	the	lattice	
expands	 from	 3.889	 to	 4.018	 Å.	 Similarly,	 using	 DFT	 calcula‐
tions,	Liu	et	al.	 [92]	 found	 that	 the	absorbed	bulk	H	 in	β‐PdH	
caused	significant	expansion	of	the	fcc	lattice	of	Pd	from	3.94	to	
4.10	Å	(DFT	typically	overestimates	the	lattice	by	1.5%).	Lattice	
expansion	 enhances	 the	 adsorption	 of	 ethene	 on	 the	 (100)	
plane	 and	 promotes	 its	 hydrogenation,	 thus	 decreasing	 the	
selectivity.	

4.2.	 	 Subsurface	C	and	Pd‐C	phase	

It	is	also	likely	that,	in	addition	to	the	subsurface/bulk	H,	the	
accumulated	 carbonaceous	 deposits	 can	 also	 alter	 the	 hydro‐
genation	 selectivity	via	 the	 formation	of	 a	 surface	Pd‐C	phase	

Table	1	
State‐of‐the‐art	catalysts	for	the	selective	hydrogenation	of	acetylene	and	their	reaction	parameters:	conversion	of	acetylene	(X),	selectivity	to	ethene	
(S),	feed	gas	(C2H2:H2:C2H4),	space	velocity	(SV),	and	reaction	temperature	(T).	

Type	 Catalyst	 X	(%)	 S	(%)	 C2H2:H2:C2H4	 SV	(mL	g–1	h–1)	 T	(°C)	 Ref.	
Pure	metal	 Tetra‐Pd/MgAl‐LDHs	 	 93	 53	 0.3:0.6:32.9	 10056	 100	 [65]	

Ga2O3‐Pd/Al2O3	 	 77	 54	 0.3:0.6:33.1	 17060	 100	 [66]	
Cu/Al2O3	 100	 84	 1:10:50	 8	×	105	 179	 [61]	
Au/SiO2	 	 82	 78	 0.8:16:83.2	 92000	 225	 [62]	

Alloy	&	intermetallics	 PdAg4	 	 85	 49	 0.5:5:50	 9000	 200	 [67]	
PdAg3/MgAl2O4	 	 95	 55	 0.5:10:50	 40000	 200	 [68]	
PdAg3/r‐TiO2	 	 96	 85	 0.5:5:50	 9.6	×	106	 	 80	 [27]	
PdGa/Al2O3	 	 	 	 83.9	 82	 0.5:5:50	 24000	 200	 [31]	
Pd2Ga/CNT	 	 90	 	 58.1	 0.5:5:50	 7.5	×	106	 200	 [67]	
PdIn/MgAl2O4	 	 96	 92	 0.5:5:50	 2.88	×	105	 	 90	 [33]	
PdIn/Al2O3	 100	 77	 0.87:3.1:73	 —	 120	 [34]	
Pd‐Zn/ZnO	 	 94	 90	 2:20:40	 1.8	×	105	 	 80	 [35]	
PdZn@ZIF‐8C	 	 70	 80	 0.65:5:50	 48000	 115	 [36]	
PdBi3/Calcite	 100	 99	 1:20:20	 1.2	×	105	 150	 [69]	
Pd@C/CNF	 100	 93	 0.6:1.2:5.4	 2.4	×	105	 250	 [70]	
Pd4S/CNF	 100	 95	 0.6:1.08:5.4	 60000	 250	 [71]	

Ni3Ga/MgAl2O4	 	 90	 77	 0.5:10:50	 40000	 200	 [68]	
Ni3Ga‐MIHMs	 	 83	 80	 0.65:5:50	 48000	 125	 [72]	

NiGa/MgAl‐LDHs	 	 73	 75	 1:10:20	 1.44	×	105	 185	 [73]	
Ni3Sn2/MgAl2O4	 	 80	 80	 0.5:10:50	 40000	 200	 [68]	
Ni3ZnC0.7/oCNT	 	 99	 94	 0.5:4.5:20	 —	 200	 [74]	
NiCu/CeO2	 100	 	 52.1	 0.6:2.4:5.4	 98500	 —	 [75]	
Al13Fe4	 	 80	 84	 0.5:5:50	 90000	 200	 [4]	

Co2Mn0.5Fe0.5Ge	 100	 90	 0.1:40:10	 4500	 250	 [76]	
Coreshell	 Pd@H‐Zn/Co‐ZIF	 	 80	 80	 0.5:5:50	 —	 	 50	 [77]	

Pd/CTS	 100	 74	 1:2:20	 90000	 100	 [78]	
Pd/PPS	 100	 74	 0.6:0.9:49.3	 28800	 100	 [79]	

Single	atom	 Pd1/ND@G	 100	 90	 1:10:20	 60000	 180	 [80]	
Pd1/MPNC	 	 83	 82	 0.5:5:50	 2.42	×	105	 110	 [81]	
AgPd0.01/SiO2	 	 67	 87	 1:20:20	 60000	 160	 [82]	
CuPd0.006/SiO2	 100	 85	 1:20:20	 60000	 160	 [39]	
Na‐Ni@CHA	 100	 90	 0.5:8:50	 15000	 170	 [83]	
Cu1/ND@G	 	 95	 98	 1:10:20	 3000	 200	 [60]	
Cu1/Al2O3	 100	 91	 1:10:50	 8	×	105	 188	 [61]	

Metallic	oxide	 CeO2	 	 86	 81	 1:30:0	 —	 250	 [84]	
In2O3	 100	 85	 1:30:0	 —	 350	 [85]	

	

 
Fig.	3.	TPD	results	for	Pd/Al2O3	nano‐catalyst	and	Pd(111)	single	crys‐
tal.	Desorption	peaks	for	C5H10	and	D2	after	their	individual	adsorption,	
and	desorption	peak	for	C5H10D2	after	co‐adsorption	of	C5H10	and	D2	on	
Pd(111)	(a)	and	on	Pd/Al2O3	(b).	Reprinted	with	permission	from	Ref.
[88].	Copyright	2004,	Elsevier.	
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over	a	long	reaction	time	(>	1	h)	[2,9–11,70,74,97,98].	Using	in	
situ	 X‐ray	 photoelectron	 spectroscopy	 (XPS),	 Teschner	 et	 al.	
[2,99,100]	 detected	 two	 different	 surface	 states	 with	 distinct	
catalytic	selectivity,	which	are	 formed	dynamically	under	spe‐
cific	reaction	conditions	(by	the	modulation	of	H2	pressure	and	
temperature).	As	shown	in	Fig.	5(a),	the	selectivity	for	pentyne	
over	pentene	suddenly	decreased	with	an	increase	in	H2	pres‐
sure	 from	3.5	 to	7	mbar	 [2].	The	 in	 situ	 XPS	 results	 illustrate	
that	 the	 Pd	 catalysts	 contain	more	 high‐binding‐energy	 Pd	 at	
3.5	mbar	H2	pressure	than	at	7.5	mbar	(Figs.	5(b,c)),	indicating	
the	formation	of	a	surface	Pd‐C	phase.	Teschner	et	al.	believed	
this	 occurred	 because	 the	 surface	 Pd‐C	 layers	 can	 hinder	 the	
transport	of	subsurface	H	to	the	surface	for	alkene	hydrogena‐
tion,	thus	improving	the	selectivity	[100].	Remarkably,	a	spon‐
taneous	fluctuation	in	selectivity	was	observed	at	p(H2)	=	0.91	
bar	(T	=	28–30	°C),	when	the	hydrogenation	product	switched	
from	pentene	to	pentane	[2].	This	indicates	reversibility	in	the	
formation	 of	 the	metastable	 surface	 Pd‐C	 phase.	 To	 date,	 the	
formation	mechanism	of	the	surface	Pd‐C	phase	in	Pd	catalysts	
remains	unclear.	

4.3.	 	 Pd‐Ag	surface	segregation	

The	 formation	 of	 Pd‐C	 and	 Pd‐H	 phases	 is	 generally	 sup‐

pressed	by	alloying	Pd.	Thus,	the	surface	status	of	Pd	alloy	cat‐
alysts	plays	an	important	role	in	controlling	the	selectivity	and	
warrants	 further	 investigation.	 The	 Pd‐Ag	 alloy	 forms	 a	
face‐centered	cubic	solid	solution	at	all	compositions	when	it	is	
annealed	 below	 ∼900	 °C	 [101],	 in	 which	 Ag	 is	 known	 to	 be	
enriched	 on	 the	 surface	 because	 it	 has	 lower	 surface	 energy	
than	 Pd	 [102,103].	 A	 recently	 developed	 machine	 learning	
atomic	 simulation,	 specifically	 the	 stochastic	 surface	 walk‐
ing‐based	neural	network	potential	(SSW‐NN)	[104‒113],	pro‐
vides	 a	 convenient	 for	 the	 rapid	 exploration	 of	 the	 complex	
structure	and	reaction	space	in	heterogeneous	catalysis.	Using	
SSW‐NN	[104‒113],	Liu	et	al.	 [27]	demonstrated	that	the	sur‐
face	 segregation	 of	 the	 Pd‐Ag	 catalyst	 can	 be	 modulated	 by	
adjusting	the	reaction	conditions	(Fig.	6):	Ag‐exposed	surfaces	
are	 dominant	 in	 the	 absence	 of	 H2,	whereas	 Pd‐exposed	 sur‐
faces,	 particularly	 the	 (111)	 surface,	 are	 thermodynamically	
favorable	 at	 high	 H2	 pressure	 in	 the	 presence	 of	 sur‐
face‐adsorbed	H,	as	Pd‐H	 interactions	are	stronger	than	those	
of	Ag‐H.	The	surfacing	of	Pd	atoms	results	 in	the	formation	of	
Pd‐line,	 Pd‐triangle,	 and	 Pd‐dimer	 ensembles	 at	 the	 surface	
layer	during	hydrogenation.	The	H	atoms	are	adsorbed	at	these	
Pd	sites,	which	are	either	hollow	sites	or	bridge	sites.	However,	
because	the	open	(100)	surface	has	a	higher	surface	energy,	Ag	
atoms	can	cover	the	(100)	surface	and	block	the	hydrogenation	
reaction	even	under	hydrogenation	conditions.	This	is	a	major	
cause	of	the	high	selectivity	of	the	Pd‐Ag	alloy,	because	the	side	
reactions,	 ethene	 hydrogenation	 and	C–C	 coupling,	 both	 have	
low	 barriers	 (0.89	 and	 1.08	 eV,	 respectively	 [92])	 on	 the	
Pd(100)	surface.	

4.4.	 	 Important	role	of	adsorption	energy	

Nørskov	 et	al.	 [1,44]	 observed	 that	 the	 adsorption	 energy	
can	be	used	to	explain	the	relationship	between	the	selectivity	
and	 catalyst	 structure.	 For	 a	 good	 catalyst,	 an	 appreciable	
quantity	 of	 adsorption	 energy	 is	 required	 to	 favor	 acetylene	
hydrogenation,	while	 the	ethene	adsorption	energy	 should	be	
as	 small	 as	 possible	 to	 enable	 rapid	 ethene	desorption.	Using	
DFT	calculations,	Nørskov	et	al.	 [1]	 found	 that	 the	adsorption	
strengths	of	acetylene,	ethene,	and	methyl	are	closely	correlat‐
ed	because	 of	 their	 similar	 surface	binding	modes.	 Acetylene,	

 
Fig.	4.	 Sharp	decrease	 in	 catalytic	 selectivity	 along	with	 the	α‐PdH	 to	
β‐PdH	transition	during	the	acetylene	hydrogenation	on	a	Pd/C	catalyst
Reprinted	with	 permission	 from	Ref.	 [92].	 Copyright	 2020,	 American
Chemical	Society.	

 
Fig.	5.	(a)	Catalytic	selectivity	as	a	function	of	H2	pressure	in	1‐pentyne	hydrogenation	on	Pd	black	catalyst.	(b,c)	Corresponding	Pd	3d5/2	XPS	record‐
ed	at	distinct	H2	pressures	(as	marked	by	solid	and	open	stars	in	(a)),	over	the	Pd	foil	and	the	Pd	black	catalysts.	The	XPS	peaks	at	335	eV	(solid	line)	
correspond	to	metallic	Pd,	while	the	higher	binding‐energy	peaks	(dashed	line)	are	attributed	to	the	sum	of	adsorbate‐induced	surface	components,	
especially	the	Pd‐C	phase.	Reprinted	with	permission	from	Ref.	[2].	Copyright	2008,	the	American	Association	for	the	Advancement	of	Science.	
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ethene,	and	methyl	can	form	4,	2,	and	1	σ	bonds,	respectively,	
when	 adsorbed	 on	 the	 surface,	 leading	 to	 a	 scaling	 trend	 for	
their	adsorption	energies	(Fig.	7).	Thus,	an	energy	window	was	
identified	to	allow	for	a	compromise	between	the	activity	and	
selectivity.	 With	 reference	 to	 this	 window,	 the	 non‐precious	
metal	Ni‐Zn	alloy	was	selected	as	a	good	candidate	for	selective	
acetylene	hydrogenation.	

Zhang	et	al.	[7]	also	discussed	the	important	role	of	adsorp‐
tion	energy	in	determining	the	hydrogenation	selectivity.	They	
concluded	that	ethene	has	three	adsorption	modes	on	the	cata‐
lyst	surface	depending	on	the	Pd	ensembles:	ethylidyne	mode	
on	hollow	Pd	sites,	di‐σ‐mode	on	bridge	Pd	sites,	and	π‐bonded	
mode	on	isolated	Pd	sites.	Their	adsorption	energies	decreased	
in	the	order	of	ethylidyne	>	di‐σ	>	π‐bonded.	This	inspired	the	
design	of	single‐atom	catalysts,	which	cause	the	π‐bonded	eth‐
ene	 to	 easily	 desorb,	 leading	 to	 good	 selectivity	
[7,39,82,114,115].	 However,	 the	 isolated	 Pd	 sites	 also	 have	
poorer	 activity	 and	 appear	 only	 to	 function	 at	 high	 tempera‐
tures	(>	150	°C,	Table	1).	

4.5.	 	 Distinct	selectivity	of	Pd(111)	and	Pd(100)	

Although	 the	 adsorption	 energies	 of	 acetylene	 and	 ethene	
are	effective	descriptors	for	selectivity,	their	computation	relies	
heavily	 on	 pre‐knowledge	 of	 the	 catalyst	 structure.	More	 im‐
portantly,	 these	 thermodynamic	 descriptors	 cannot	 provide	
accurate	reaction	kinetics	 for	catalyst	optimization.	Facilitated	
by	the	rapid	structure	and	reaction	exploration	of	the	SSW‐NN	

 
Fig.	6.	(a,b)	Pd‐Ag‐H	surface	contour	maps	for	the	formation	free	energies	of	Pd‐Ag‐H/Pd1Ag3(111)	and	Pd‐Ag‐H/Pd1Ag3(100),	respectively,	at	25	°C	
and	p(H2)	=	0.05	atm.	(c,d)	Stable	surface	configurations	of	Pd1Ag3(111)	and	Pd1Ag3(100),	respectively,	under	typical	reaction	conditions,	as	identified	
from	the	Pd‐Ag‐H	surface	contour	maps.	Reprinted	with	permission	from	Ref.	[27].	Copyright	2021,	American	Chemical	Society.	

 
Fig.	7.	Adsorption	energies	of	acetylene	(circles)	and	ethene	(triangles)
plotted	 against	 the	 adsorption	 energy	 of	methyl.	 Reprinted	with	 per‐
mission	from	Ref.	[1].	Copyright	2008,	the	American	Association	for	the
Advancement	of	Science.	

Fig.	8.	 Gibbs	 free	 energy	 profiles	 for	 acetylene	 hydrogenation	 on	 (a)	
Pd(111),	 Pd4H3(111),	 (b)	 Pd(100),	 and	Pd4H3(100).	 Pd	 and	Pd4H3	 are	
the	detailed	structures	for	α‐PdH	and	β‐PdH	as	determined	by	SSW‐NN	
global	optimization.	The	 insets	show	the	 intermediates	during	the	hy‐
drogenation	reactions.	Color	code:	H	atoms	of	adsorbates,	yellow	balls;	
H	atoms	bonded	to	adsorbates,	pink	balls;	other	H	atoms,	white	balls;	
Pd	atoms,	indigo	balls;	and	C	atoms,	gray	balls).	Reprinted	with	permis‐
sion	from	Ref.	[92].	Copyright	2020,	American	Chemical	Society.	
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method	 [104‒113],	 Liu	 et	 al.	 [27,92]	 investigated	 acetylene	
hydrogenation	on	pure	Pd	(Fig.	8)	and	Pd‐Ag	(Fig.	6)	catalysts	
by	 combining	 theoretical	 calculations	 and	 catalysis	 experi‐
ments.	They	found	that	at	high	acetylene	conversions	(such	as	
those	 under	 H2	 rich	 front‐end	 conditions),	 H	 atoms	 tend	 to	
cover	 both	 Pd(111)	 and	 Pd(100)	 (ΔGads	 =	 –0.2––0.3	 eV)	 in	 a	
complete	monolayer	due	to	the	weak	H–H	interactions.	Owing	
to	 the	high	H	 coverage,	 the	 adsorption	of	 acetylene	 is	 signifi‐
cantly	reduced,	from	–1.91	to	–0.51	eV	on	the	Pd(111)	surface,	
as	 is	 the	 risk	 of	 C‐C	 coupling	 (oligomerization).	 Furthermore,	
ethene	adsorption	is	significantly	reduced	on	the	close‐packed	
(111)	 surface,	 which	 lifts	 the	 hydrogenation	 barriers	 for	 the	
conversion	of	ethene	to	ethane	to	approximately	1.19–1.38	eV,	
and	effectively	prevents	deep	hydrogenation.	However,	on	the	
open	(100)	surface,	the	repulsion	due	to	the	pre‐adsorbed	H	is	
moderate	 and	 ethene	 hydrogenation	 can	 still	 proceed	 with	 a	
barrier	of	approximately	0.79‒0.89	eV,	which	causes	the	poor	
selectivity	of	pure	Pd.	This	finding	is	consistent	with	the	theo‐
retical	results	obtained	by	Grönbeck	et	al.	[116]	and	Zhou	et	al.	
[117].	

Considering	 that	 (111)	 and	 (100)	 are	 the	 two	 low‐
est‐surface‐energy	 facets,	and	both	exist	 in	 large	quantities	 in	
real	Pd	nanoparticles	(for	example,	(111):(100)	≈	9:1)	[87,92],	
Liu	et	al.	 proposed	a	 straightforward	 strategy	 to	 improve	 the	
selectivity,	 which	 involves	 blocking	 the	 non‐selective	 (100)	
facets.	 The	 tetrahedral	 Pd	 nanoparticles	 [65]	 and	 the	
Ga2O3‐deposited	 Pd	 catalyst	 [66],	 in	which	most	 of	 the	 (111)	
plane	 is	 exposed,	 have	 comparable	 selectivity	 to	 some	 of	 the	
alloy	 catalysts	 (Table	 1).	 Similarly,	 the	 success	 of	 the	 Pd‐Ag	
alloy	catalyst	can	be	largely	attributed	to	the	tendency	for	Ag	to	
cover	the	(100)	plane.	By	further	adjusting	the	Pd:Ag	ratios,	Liu	
et	al.	[27]	determined	Pd:Ag	=	1:3	to	be	the	optimum	ratio	for	
the	Pd‐Ag	alloy,	as	it	maximizes	the	quantity	of	Ag	that	blocks	
the	 (100)	 plane	 and	 results	 in	 a	 significant	 fraction	 of	 Pd	 ex‐
posed	on	(111)	to	catalyze	the	selective	hydrogenation	(Fig.	6).	
Finally,	a	Pd1Ag3	alloy	supported	on	rutile‐TiO2,	which	achieves	
a	 high	 selectivity	 (>	 85%)	 at	 high	 acetylene	 conversion	 (>	
96%),	was	selected.	This	combinational	experiment‐and‐theory	
investigation	 demonstrates	 how	 a	 deep	 understanding	 of	 the	
catalyst	 structure	 and	 reaction	 mechanism	 can	 facilitate	 the	
rational	design	of	improved	catalysts.	

5.	 	 Summary	and	outlook	

In	this	review,	we	summarized	recent	advances	toward	im‐
proved	selectivity	control	of	alkyne	hydrogenation	by	Pd‐based	
catalysts,	 especially	 with	 respect	 to	 acetylene	 hydrogenation.	
The	review	is	organized	into	three	sections,	covering	the	reac‐
tion	network,	 reaction	 conditions,	and	catalyst	 structures.	Re‐
search	using	modern	experimental	and	 theoretical	 techniques	
has	established	that	the	catalyst	surface	structures	are	dynamic	
under	hydrogenation	conditions,	 including	Pd‐H,	Pd‐C	phases,	
and	different	 compositions	 in	Pd‐M	alloy	phases.	The	 catalyst	
morphology	 and	 surface	 status,	 which	 are	 controlled	 by	 the	
synthesis	 and	 reaction	 conditions,	 determine	 the	 catalytic	 se‐
lectivity,	largely	by	influencing	the	adsorption	energies	of	acet‐
ylene	 and	 ethene	 on	 the	 Pd	 sites.	While	 substantial	 progress	

has	been	achieved,	important	challenges	remain,	some	of	which	
are	highlighted	below.	

(1)	The	oligomerization	(C‐C	coupling)	reaction	mechanism	
and	the	active	Pd	sites	are	still	unclear.	Further	studies	are	re‐
quired	to	probe	the	 formation	mechanism	of	 the	surface	Pd‐C	
phase	and	the	oligomerization	kinetics.	 	

(2)	Synthetic	methods	for	accurately	controlling	the	catalyst	
morphology	 and	 local	 Pd	 ensembles	need	 to	 be	developed	 to	
better	 control	 the	 selectivity.	 In	 particular,	 controlling	 the	
(100):(111)	 ratio	 for	 supported	 Pd1Ag3	 catalysts	 remains	 a	
challenge.	

(3)	 A	 low‐temperature	 catalyst	 without	 Pd	 remains	 una‐
vailable.	Ni‐based	catalysts	cannot	function	below	100	°C.	New	
architectures	 for	 low‐temperature	 hydrogenation	 catalysts	
using	non‐precious	elements	are	highly	desirable.	

The	machine	learning	potential	method,	as	demonstrated	by	
the	 global	 neural	 network	 implemented	 in	 the	 large‐scale	
atomic	 simulation	with	 neural	 network	 potential	 (LASP)	 pro‐
gram,	 can	 overcome	 the	 current	 limitations	 in	 the	 time	 scale	
and	 the	 system	 size	 of	 the	 atomic	 simulation.	 By	 integrating	
with	 other	 simulation	 techniques,	 theoretical	 simulations	
should	 be	 applicable	 to	 more	 complicated	 problems	 such	 as	
dynamic	 structure	 evolution,	 the	 search	 for	 complex	 reaction	
networks,	 and	 long‐time	 molecular	 dynamic	 simulations	 in	
large	systems.	This	will	eventually	benefit	the	rational	design	of	
better	 catalysts	 for	 important	 catalytic	 transformations,	 in‐
cluding	the	alkyne	selective	hydrogenation	discussed	herein.	
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调控炔烃半氢化反应的催化选择性: 实验和理论的最新进展 

李晓天, 陈  林, 商  城, 刘智攀* 
复旦大学化学系, 上海市分子催化和功能材料重点实验室, 物质计算科学教育部重点实验室, 上海200433 

摘要: 由于短链烯烃的广泛应用, 炔烃选择性加氢制备烯烃是一个非常重要的石油化学催化过程.  其中最简单的乙炔半氢

化, 吸引了众多研究者的广泛研究, 是催化选择性调控的一个非常重要反应.  工业上, 由石油蒸汽裂解得到的乙烯往往混

有微量(∼1%)的乙炔, 它会毒化乙烯聚合反应时所使用的Ziegler-Natta催化剂, 因此需要降低乙炔含量至5 × 10–6以下.  这要

求加氢催化剂具有很高的乙炔转化率(> 99%)和乙烯选择性(> 80%).  Pd基催化剂因低温下的具有高活性, 是最常用的炔烃

半氢化催化剂, 其中Pd-Ag合金催化剂已在工业界应用了数十年.  近十几年来, 新型的乙炔半氢化催化剂不断被提出, 其催

化选择性的研究也取得了很大的进展. 

本文对炔烃半氢化反应的最新研究进展进行了总结.  以乙炔加氢为例, 介绍了其工业反应的条件、反应的网络以及潜

在的副反应.  归纳了提高加氢选择性的常见方法, 并总结了近十几年报道的性能较好的乙炔半氢化催化剂.  重点阐述了近

年研究对加氢选择性的深入理解: Pd基催化剂的表面结构会随着反应条件和反应过程动态变化, 从而影响加氢选择性.  利

用程序升温脱附和X射线光电子能谱研究催化剂的表面性质和相应的催化性能, 确认了次表层H和表层C的出现, 并发现了

它们对催化选择性的重要影响.  理论模拟(DFT, SSW-NN)建立了催化活性中心的原子结构, 发现了Ag在PdAg合金表面的

富集, 以及在反应条件下Pd原子偏析到(111)面, 阐明了晶面结构与催化选择性之间的定量关联.  综上, 实验和理论的结合

不仅深化了研究者对加氢选择性的理解, 也为设计更好的催化剂提供了有效的指导.   

关键词: 炔烃半氢化; 催化选择性; 表面科学; 机器学习; 神经网络势 
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